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PRODUCTIVITY, PIGLET ROBUSTNESS, AND PIGLET POST-WEAN GROWTH 
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 Across 4 breeding groups, 63 primiparous and multiparous females were blocked 
by parity, balanced by weight, then randomly assigned to one of 3 gestation feeding 
regimens: Control (CON), 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase 
Feeding 1 (PF1), 1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME 
from d 90-110 of gestation; Phase Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal 
ME from d2-89 for gilts, parity 1, and parity 2+, respectively and 2.11 g SID Lys/Mcal 
ME from d90-110 of gestation over 2 reproductive cycles.  During lactation, all sows 
received a common lactation diet.  Measures of sow productivity included maternal 
backfat, BW, litter characteristics at birth, colostrum nutrient content, and lactation feed 
intake.  Piglet robustness was measured through analysis of cord blood cortisol, liver and 
muscle glycogen, Intestinal Alkaline Phosphatase activity, and small intestinal 
morphology at birth.  Other markers of piglet quality and robustness included serum 
immunocrit at 2 days of age along with BW at d7 and weaning.  To assess post-weaning 
performance, all piglets were weaned to an on-site wean-to-finish facility and raised in 
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group pens according to maternal treatment.  Pen feed disappearance and individual pig 
weights were determined at least once each month until market. Data were analyzed 
using both Mixed and Correlation procedures of SAS in a randomized complete block 
design with means separation using Scheffe’s adjustment.   
Altering Lys:energy ratio had minimal impacts on variables of sow productivity.  
Piglets born from PF1 litters during the first gestation/lactation cycle were heavier at 
birth (P < 0.01) compared to PF2 offspring, however no differences were detected in 
other litter characteristic parameters at birth.  Though no differences were detected for 
ADG, ADFI, of G:F during the post-wean period, PF1 and PF2 offspring were heavier (P 
= 0.02) at adjusted d130 than CON pigs.  PF1 offspring also and spent 4 days fewer on 
feed (P = 0.002) than CON offspring.  During the second reproductive cycle, PF1 sows 
weighed less than PF2 females at d110 (P = 0.01) and less than CON sows at weaning (P 
= 0.02).  Again, no differences were detected in litter characteristics other than BW at 
birth where PF1 piglets weighed more than offspring of both other treatments (P < 0.01).  
Second gestation/lactation offspring displayed minimal differences in BW, ADG, ADFI, 
and G:F post-weaning.  However, though not statistically significant, PF1 offspring from 
block 3 were able to maintain the heavier birth and wean weights until market and 
weighed more than both other treatments.  When data from all piglets was analyzed 
together, this advantage seems to be not detectable.  
 During both reproductive cycles there were few detectable differences in 
biological markers of sow nutrient utilization although colostral fat content was greater 
for PF2 females compared to both CON and PF1 (P = 0.02) during the first lactation.  
Biological indicators of piglet robustness and performance potential also demonstrated 
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few differences.  Muscle samples from PF2 piglets tended to contain greater levels of 
glycogen than both other treatments (P = 0.08) and piglets born in the first half of the 
birth order tended to have higher (P = 0.08) serum immunocrit values. 
From these findings it seems there may be a benefit to altering the Lys:energy 
ratio during gestation on piglet growth performance during the suckling period and late 
finisher stages.    Additional expenses associated with excess AA excreted as waste 
during gestation and maintaining market hogs for a longer period of time may also be 




1.0 LITERATURE REVIEW 
 
1.1 Introduction 
Gestation is a critical timepoint in the life of a pig as this is when key 
developmental processes occur.  The dam’s nutritional status during this period is of 
utmost importance due to the impact it can have on her offspring.  During fetal 
development, the sow is the sole source of nutrients for her piglets.  Therefore, all 
requirements must be met for maintenance of maternal body tissues and development of 
those associated with pregnancy such as mammary, uterine, placental, and conceptus 
tissues.   
 
1.2 Gilt development 
Maternal tissue deposition both before and during the first gestation is critical to a 
sow’s well-being, longevity in the herd, and ability to provide for her offspring (Trottier 
and Johnston, 2000).  Gilts, in particular, have not reached mature body size and weight 
at the onset of their first insemination (Williams et al., 2005).  Therefore, it is important 
to consider the impact parity has on nutrient allocation and maternal tissue deposition.  
Proper gilt development is crucial to the longevity and production potential of 
each female.  Target age, weight, backfat, and number of previous estrous cycles at the 
first breeding may influence the future of each female.  A study conducted by Williams et 
al. (2005) assessed the impact of these traits on the productivity of a group of gilts across 
multiple parities.  In this trial, gilts weighing 135-150 kg at first insemination had the 
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greatest number of piglets born over their first 3 parities compared to animals weighing 
less than 135 kg.  Breeding females during their second estrous as compared to the first 
positively impacted total born, allowing use of estrous synchronization programs 
(Williams et al., 2005).  Influence of backfat seems to be more contradictory.  Some 
studies have demonstrated minimal impact (Williams et al., 2005), however others have 
noted a much greater influence.  Gaughan et al. (1997) reported that a larger percentage 
of females with increased backfat at d145 (16-18 mm) reached first estrus by day 202 
than those classified as having low backfat depth (10-12 mm), 100% vs. 67%.  The 
animals with thicker backfat also experienced more estrus cycles (2.25) during the time 
from d145 to d202 of age than their low backfat counterparts (1.16).  Though specific 
recommendations are hard to make because a large portion of gilt retention is dependent 
on management strategies such as boar exposure (at what age and how long) and estrous 
synchronization protocols, physical attributes including body weight and backfat are also 
important to ensure the greatest opportunity for success (Patterson and Foxcroft, 2019). 
Physical characteristics prior to first breeding are important to reproductive 
performance during not only the first parity, but each parity thereafter.  Proper tissue 
deposition throughout the first pregnancy is vital to the female’s continued growth and 
development along with that of her offspring.  Gilts are still growing, thus unlike older 
sows, a large portion of nutrient intake is utilized for bone, muscle, and fat development 
(Gonçalves et al., 2016).  Therefore, gilts may need more amino acids (AA) in the diet 
during pregnancy to account for the increased demand for maternal utilization.  Common 
practice is to feed gilts a diet during the development process which contains AA in 
excess to maximize potential protein deposition (Rozeboom, 1999), however during their 
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first gestation they are typically fed the same as sows (Belstra et al., 1998).  Though 
formulated to meet mean requirements for gilts over the course of gestation, these diets 
may not be meeting the increased demands during late gestation if diets are not adjusted 
to account for exponential fetal growth during this period along with maternal 
requirements for growth.  Increasing SID Lys levels to 20 g/d during late gestation led to 
greater body weight gain for first parity females in one study (Srichana, 2006) and 
another suggested that gilt Lys requirement in late gestation is 17.4 g/d (Samuel et al., 
2012).  These values suggest that current industry practice, which is to feed a constant 
level of Lys (approximately 13.4 g SID Lys/d), may not be supplying gilts enough AA 
during late gestation to support both maternal and fetal growth without compromise 
(Samuel et al., 2012; NRC, 1998).  When these gilts are later rebred as sows, they 
continue to receive the same standard diet.  However, according to more recent data 
(NRC, 2012), during early and mid-gestation for the second parity female, SID Lys 
requirements fluctuate between 6.5 and 10.5 g/day.  This indicates that during these 
stages of gestation sows are being supplied with excess levels of AA which could be 
excreted as waste at a cost to the producer.   According to Ball et al. (2008) and Grier et 
al. (2006), both energy and AA levels being fed to sows were costing producers an excess 
of $4.50 per pig marketed. 
 
1.3 Protein and energy utilization by the dam 
 As pregnancy progresses, the allocation of resources changes with the demands of 
maternal and fetal tissues.  Overall requirements increase to allow for proper distribution 
without the need to compromise or restrict development of any tissue (Boyd et al., 2002).  
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The National Research Council (NRC) periodically updates suggested feeding 
recommendations by combining the latest data to provide the most accurate nutrient 
requirement estimates.  Based on previous research, the 2012 edition of Nutrient 
Requirements of Swine, suggests that the female’s requirements are influenced by age, 
stage of production, and reproductive potential.  This means that all gestating females 
should not be fed the same.  By feeding a common diet throughout the entirety of 
gestation there will be times of limited or excess AA, both of which may have negative 
consequences.  Whether it be cost associated with the oversupply of nutrients, or the 
potential detrimental effects on sow productivity and litter performance, supplying a 
constant Lys:energy supply throughout gestation may not be the best feeding strategy. 
Sow nutrient requirements change throughout the course of gestation as tissues 
associated with the conceptus such as placenta and uterus develop along with mammary 
and other maternal tissues.  The first trimester mostly consists of maternal tissue protein 
deposition and transitions to the start of fetal and placental development throughout the 
second trimester (McPherson et al., 2004).  During the final trimester, fetal growth 
increases exponentially (McPherson et al., 2004) and mammary development begins 
(Kim et al., 1999) leading to greater demands for AA by the dam.  Changes in protein 
deposition across gestation as predicted by the NRC (2012) requirement model are 
depicted in Figure 1.1.   As gestation progresses, shifts in protein gain do as well.  These 
changes occur in concert with the development of tissues associated with pregnancy 
during that time. Due to changes in AA demands and protein deposition, it has been 
suggested that there is a need to feed pregnant females based on stage of gestation instead 
of current industry practice of feeding one common diet throughout the entirety of 
5 
 
pregnancy (NRC 2012).  Adjusting diet AA levels throughout gestation could minimize 
AA excess during early and mid-gestation, while better providing for the dam and her 
fetuses during late gestation. 
 
 
Figure 1.1 Changes in protein deposition in key tissues during gestation (NRC 2012) 
 
Estimates of AA requirements throughout pregnancy have been calculated in 
several recent studies.  The NRC (2012) model utilized empirical data to aid in model 
development which suggested a need for increased AA during late gestation (Srichana, 
2006; Samuel et al., 2010; Levesque et al., 2011; Samuel et al., 2012).  Based on these 
studies, and others (Ampaire, 2017; Navales, 2018; and Ramirez, 2019) decreasing AA 
supply in early and mid-gestation and including greater levels of AA in late gestation 
diets may benefit both dams and their offspring.  There is potential to reduce AA excess 
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Many studies conducted during gestation focus on inclusion rates of nutrients or 
the addition of alternative feed ingredients.  Supplemental dietary fat and fiber sources 
have been researched time and time again to determine impacts on the sow and her 
offspring (Laws et al., 2008; Krogh et al., 2015; Quiniou et al., 2008; Jackson et al., 
1995), however fewer studies have been completed on altering protein supply over the 
course of gestation to meet changing requirements.  Due to well-established knowledge 
that there are many factors influencing protein deposition during this period, more studies 
are being conducted each year to gain a better understanding of how altered AA levels 
can impact sow productivity and piglet performance as well as costs associated with such.   
  
1.4 Impacts of gestational protein and energy supply on sow reproductive performance 
 Factors during both gestation and lactation can influence a sow’s reproductive 
performance.  Both oversupply and undersupply of nutrients such as protein and energy 
can have detrimental effects on the female’s productivity and longevity in a herd (Boyd et 
al., 2002).  A major area of concern is increased wean-to-estrus interval which can be 
caused by poor body condition at weaning.  Each day the female is neither gestating or 
lactating is considered a non-productive day and can cost producers upwards of 
$2.25/sow/day (Ketchem and Rix, 2012).  Therefore, meeting requirements with limited 
excess is vital to capitalizing on the investment in each female and minimizing costs 
associated with non-productive days. 
When AA requirements are not met during gestation, sows may mobilize protein 
reserves within the body during the last trimester to accommodate the needs of her 
offspring and ensure their survival (Pond, 1973; Yang et al., 2009).  This need to 
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catabolize maternal tissues may negatively impact piglet birth weights and potentially 
lead to increased mortality rates during the suckling phase (Mahan, 1998).  Studies have 
been conducted to determine the magnitude of influence of gestational protein levels on 
these characteristics (Kusina et al., 1995; Mahan, 1998; Yang et al., 2008). By increasing 
crude protein levels during gestation from 13% to 16%, both litter weight gain and 
weaning weights can be improved (Mahan, 1998).  Feeding gilts 16 g/d SID Lys during 
gestation improved milk production and litter weight gains during lactation as a result 
(Kusina et al., 1995).  In another study it was determined that increasing lysine content of 
the diets from 0.6 to 0.8% during gestation, litter birth weight increased (Yang et al., 
2008).  This could be due to the female’s ability to better maintain body composition 
while also meeting the ever-increasing demands of her piglets without compromise.  
Litter size and performance, along with wean-to-estrus intervals, also seem to be 
influenced by excessive loss of backfat during late gestation (Clowes et al., 2003; 
Serenius et al., 2006).  A study conducted by Amdi et al. (2014) determined that at 
weaning and market, piglets born to gilts with very low backfat at breeding (P2 backfat 
~8mm) weighed less than pigs born to gilts with high backfat depth (P2 backfat ~12mm).  
In fact, at slaughter there was an average difference of 4 kg between individual pigs from 
gilts of differing backfat depths.     
Oversupplying nutrients during gestation can also negatively impact body 
condition, overall health, and subsequent reproductive performance leading to increased 
culling rates (Bortolozzo et al., 2009).  When nutrients, specifically energy, are supplied 
in excessive quantities, sows may become over conditioned (BCS > 3.5 on a 5.0 scale), 
leading to increased potential for dystocia, negative impacts on litter performance, feet 
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and leg injuries caused by supporting additional weight, and an increased incidence of 
crushing piglets during suckling (Knauer and Baitinger, 2015).  One important indicator 
of body condition and production potential is maternal backfat.  Sows with excess backfat 
during late gestation have been noted to have increased farrowing duration, number of 
stillborn piglets, and percentage of offspring presenting signs of intrauterine growth 
restriction (IUGR) (Zaleski and Hacker 1993; Kim et al., 2015).  Along with these issues, 
lipotoxicity, or the accumulation of lipids in non-adipose tissues, has also been 
discovered in the placental environments of sows with excess backfat (Zhou et al., 2018).  
In 2016, a study was conducted by Zhou et al. to determine the effects of maternal 
backfat thickness on piglet performance and concentrations of placental lipids.  
Researchers found that there were negative correlations between sow backfat depth and 
piglet weights at both birth and weaning.  As backfat increased, so too did placental lipid 
concentrations which were noted to be proinflammatory and may lead to oxidative stress.  
Therefore, piglets exposed to this environment during fetal development may receive 
inadequate nutrient supply through the placenta and in turn experience impaired growth.  
In recent years, bump-feeding, or increasing daily feed allowance during late 
gestation has become common practice.  The general belief is that increased nutrients 
lead to increased birth weights and decreased maternal tissue mobilization postpartum.  
Recent studies have shown minimal positive influence when implementing this feeding 
strategy.  According to Mallman et al. (2017) only slight benefits in piglet BW were 
detected, while Goncalves et al. (2015) noted no detectable improvements in piglet BW 
from sows.  These results indicate that with modern highly prolific sows, there may be 
little to no benefit from simply increasing feed allotment.  Data from Thomas et al. 
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(2018) suggest the use of an electronic sow feeder (ESF) to track changes in weight 
throughout gestation as well as adjust diets to better match nutrient requirements.  By 
doing so, more accurate models can be created for determining requirements for both 
maternal and fetal growth over the course of gestation.  Rather than increasing feed costs 
through bump-feeding (Goncalves et al., 2015), costs could be decreased by more 
accurately matching nutrient demands (Frobose, 2018). 
 
1.5 Influence of dam on piglet survivability and robustness 
 As the sow is the sole source of nutrients during gestation, Lys:energy ratio 
during all phases of gestation is believed to play a critical role in the growth and 
development of her offspring from conception to market.   
 
1.5.1 Fetal muscle development 
 As with most mammals, muscle fiber development in the pig begins relatively 
early in gestation.  Around day 35 of gestation, differentiation begins with primary 
muscle fibers, followed by secondary fibers from days 55-90 (Lefaucheur et al., 1995).  
After birth, muscle fiber size can be increased, but not the number of muscle cells 
(Stickland and Goldspink, 1973).  Evidence shows that estimates of growth rate in pigs 
can be more accurately determined using number of muscle fibers, than birth weight 
(Dwyer et al., 1993).  Therefore, the period of muscle fiber development is crucial to the 
long-term effects on performance and ultimately meat quality.  According to one trial 
(Bee, 2004) the dam’s energy intake during early gestation impacted muscle fiber type.  
Sows fed a low energy diet for the first 50 days of gestation had offspring with less fast-
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glycolytic fibers (those using glycogen as a main source of energy which fatigue quickly) 
and more slow-oxidative or fast-oxidative glycolytic fibers than offspring of sows fed 
standard or high energy diets.  Offspring from sows fed the high energy diet grew slower 
during both lactation and post-wean periods, had decreased G:F, and more adipose tissue 
than offspring from sows fed the low-energy diet.  With selection pressure for increased 
growth rates and lean meat, the type of muscle fibers in modern pigs has been impacted 
(Brocks et al., 2000).  Though muscle tissue may be influenced by the dam’s nutrition, 
the link between the two has not been extensively studied.     
       
1.5.2 Fetal energy stores 
 During the immediate post-natal period, piglets use energy stored in the form of 
hepatic and muscle glycogen as a source of energy until colostrum is consumed because 
they are born with extremely limited fat content (Ji et al., 2017).  Piglets have high 
energy demands during this phase due to a need to perform locomotive function while 
simultaneously maintaining body temperature to avoid hypothermia (Vanden Hole et al., 
2019). Glycogen is primarily stored during the last trimester, dictated by blood glucose 
and insulin levels in the fetus (Mota-Rojas et al., 2011).  However, with increased 
pressure to reduce excessive carcass fat in market hogs there have been negative impacts 
on fetal organ weights such as the liver, leading to decreased glycogen stores (Canario et 
al., 2007).  With smaller glycogen reserves at birth, the ability of each animal to maintain 
body temperature and perform physical activity may be compromised.  In turn, this could 
lead to a larger percentage of deaths within the first week of life due to hypothermia and 
starvation.  The impacts of limited energy reserves at birth on thermogenesis and 
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subsequent performance are depicted in Figure 1.2.  The lack of brown adipose tissue 
coupled with limited total body fat and limited ketogenesis all work together to 
negatively impact thermogenesis.  This results in decreased rates of survival and growth 




Fig. 1.2. Factors during growth and development influencing piglet performance 
throughout life (Ji et al., 2017) 
 
Figure 1.3 demonstrates the energy demands and available stores of piglets during the 
first 24 hours after birth as well as how ambient temperature has an impact.  It is 
important to note that even at thermoneutrality, piglets have insufficient energy reserves 
at birth to perform all necessary functions for survival.  Pigs must consume nutrients 





Fig. 1.3. Energy reserves available at birth (■, fat; □, glycogen) and estimated net energy 
requirements during the first 24 h of life of piglets surviving to weaning in conditions of 
thermal neutrality or 5 °C below thermal neutrality (■, maintenance;   , physical activity;   
, energy retention; □, thermoregulation) Mellor & Cockburn 1986; and J. Le Dividich 
2005 
 
Though variation in liver and muscle glycogen has been reported (Elliot and 
Lodge, 1977; Theil et al., 2011), a common finding in many studies is the rapid depletion 
of these stores.  Liver glycogen is mobilized at a rapid rate and up to 75% is utilized 
during the first 12 hours after birth (Elliot and Lodge, 1977).  Depletion rates have been 
noted to be the greatest within the first 12 hours after birth in all tissues (Theil et al., 
2011).  Glycogen pools in the semimembranosus muscle have been reported as being 
depleted after 16 hours of fasting which indicate that colostrum must be consumed within 
this time limit in order to support normal activity beyond that point (Theil et al., 2011).   
 Studies have been conducted in an attempt to alter piglet energy stores, however 
contradictory results have been reported (Boyd et al., 1978; Jean and Chiang, 1999; and 
Seerley et al., 1974).  When additional energy was provided in the form of cornstarch 
13 
 
from day 109 of gestation until parturition, an increase in piglet liver glycogen was noted 
(Seerley et al., 1974).  Similarly, Jean and Chiang (1999) report that the addition of 
coconut oil to sow diets had a positive impact on glycogen levels of offspring 4 hours 
after birth which was associated with greater survival rates of light birth weight pigs.  On 
the other hand, no effect of additional cornstarch from day 100 to parturition was found 
on offspring glycogen pools (Boyd et al., 1978).  The majority of studies measuring 
glycogen levels in piglets have focused on maternal dietary energy levels, a few have 
focused on maternal dietary protein levels.  A study on the effects of phase feeding 
during gestation found no differences in liver or muscle glycogen when AA levels were 
altered in gilt diets (Ampaire, 2017). Though results have been contradictory, the 
potential to influence piglet energy stores through sow diet could have immense positive 
impacts.  Leenhouwers et al. (2002) linked known litter breeding values for piglet 
survivability to glycogen reserves at birth.  As breeding value increased, so did piglet 
muscle and liver glycogen content.  This indicates that if altered sow gestation diets can 
impact glycogen stores, then there is an opportunity to potentially improve piglet 
survivability. 
 
1.5.3 Pre-natal growth restriction  
 With an increasing demand for larger litter sizes, piglets are subjected to a pre-
natal environment which may not be sufficient for sustaining all fetuses.  Though the 
number born alive has continued to increase, more animals tend to be born at less than 




Fig. 1.4. Relationship between average piglet birth weight and total born (Smit, 2013; 
Oliviero et al., 2019) 
 
There is an inverse relationship between birth weight and survivability. Lighter weights 
seem to indicate a greater risk for mortality.  In fact, studies have demonstrated that at a 
birth weight less than 1.0 kg, chance of survival drops drastically (Holl and Long, 2006; 
Królewska et al., 2014; Aulquin et al., 2016).  While all reasons for smaller pigs are not 
yet understood, one of the most researched concepts is that of IUGR.  This phenomenon 
is most easily defined as embryo or fetal growth and development impaired during 
pregnancy (Wu et al., 2006).  During gestation, the sow’s uterus may not be capable of 
maintaining all animals in an equivalent manner.  Physical capacity is limited, indicating 
that in utero growth potential is as well.  When nutrients are dispersed unevenly, fetuses 
with placenta better equipped to transport nutrients will continue to grow and develop at a 
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greater rate than littermates with less efficient placenta (Foxcroft et al. 2007).  This can 
lead to negative impacts during development of muscle fibers which may in-turn affect 
energy storage and growth potential (Tse et al., 2008).  However, sow diet during 
gestation can also influence the quantity of nutrients available to the fetuses.  In fact, AA 
are critical to the development of placenta and amniotic fluid, as well as the fetus itself.  
Between day 90 and 114 when the fetus is experiencing rapid growth, AA uptake by the 
uterus also drastically increases (Wu et al., 1999).  During late gestation glutamine may 
be a limiting factor influencing fetal growth, therefore when sow diets are supplemented 
with glutamine there is a potential to improve piglet birth weights (Wu et al., 2011). 
Rations with inadequate protein supply can limit AA transport to the offspring and 
restricting carbohydrates may also lead to an energy deficit (Metges et al., 2014).  By 
limiting protein supply during gestation, Davis et al. (1997) were able to increase the 
incidence of IUGR.  Another study demonstrated that when sows are both under (6.5%) 
and oversupplied (30%) protein during the entire gestation, there is an increase in IUGR 
piglets and development of non-IUGR piglets is also delayed (Mickiewicz et al., 2012).   
 
1.5.4 Colostrum utilization by the neonatal pig 
 Immediately after birth, piglets are driven by instinct to locate nourishment in the 
form of colostrum.  The quality, quantity, and period of time until ingestion all influence 
the potential to not only survive but thrive. 
 Colostrum serves as a source of energy which is used for a variety of bodily 
functions.  Studies have shown that ability to survive until weaning is highly impacted by 
the volume of colostrum ingested (Devillers et al., 2011; Ferrari et al., 2014; Moreira et 
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al., 2016).  It has been noted that with increased litter sizes of the modern highly prolific 
female, there may be negative impacts on the quantity of nutrients available to her 
offspring as colostrum yield is not be associated with litter size (Devillers et al., 2007).  
Unfortunately, though many advances have been made to increase the number born alive, 
the same trend has not been seen in improving female colostrum production or functional 
teats (Devillers et al., 2007; Quesnel, 2011).  According to one study, piglets weighing 
1.3 kg or less seem to be impacted the most by the lack of additional colostrum supply in 
these large litters (Ferrari et al., 2014).  When compared to littermates weighing greater 
than 1.3 kg, smaller offspring need to consume a larger volume of colostrum to increase 
the possibility of survival (Ferrari et al., 2014; Moreira et al., 2016).  This is due to the 
low probability of mortality for heavier birth weight piglets regardless of colostrum 
intake (Ferrari et al., 2014).  For smaller piglets, more colostrum is necessary to mitigate 
the negative effects of the greater body surface area to volume ratio.  When comparing 
two animals, the larger animal will have a smaller surface area to volume ratio compared 
to that of the smaller animal.  Therefore, in the case of piglets, the low birth weight and 
IUGR animals tend to lose body heat more quickly as there is more surface area in 
comparison to their volume.  These animals tend to use energy reserves more quickly.  
Therefore, to replenish the energy that has been utilized, intake must increase to a greater 
level than that of high birth weight pigs.  Piglets born between 1.2-1.3 kg had similar 
survival rates compared to heavier birth weight pigs (1.3-1.7 kg) if they received at least 
200 g of colostrum whereas piglets weighing 1.1-1.2 kg needed a minimum of 250 g to 
reach the same rates of survivability (Ferrari et al., 2014).      
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 Ingestion of colostrum is vital to neonatal pigs within the first 24 hours 
postpartum.  Not only is this a valuable energy source, it also facilitates the transfer of 
antibodies from the dam to her offspring.  Due to the epitheliochorial nature of the swine 
placenta, blood flow of the sow and her piglets are kept separate, restricting the passage 
of antibodies between them (Bertasoli et al., 2015).  Newborn piglets are therefore highly 
susceptible to disease and unable to mount an immune response quick enough to fight 
pathogens at birth (Salmon et al., 2009).  Immunoglobulin G (IgG), the primary antibody 
in colostrum, is consumed by offspring and transported across the epithelial layer of the 
gut where it can be utilized to improve the animal’s immunity.   
 Quality and quantity of colostrum may be affected by the parity of the dam.  
According to some studies, primiparous and multiparous females may not provide the 
same quality of colostrum to their offspring (Ferrari et al., 2014; Devillers et al., 2007) 
which could be one of the reasons lighter weights throughout the suckling period have 
been noted for primiparous sows.  However, many findings in this area have been 
contradictory.  Ferrari et al. (2014) found that older females had greater colostrum yields 
than first parity females even though litter characteristics at birth were very similar.  
Similar findings were also reported during a trial conducted by Devillers et al. (2007) 
where primiparous females tended to have a lower colostrum yield than sows of third 
parity or greater.  On the other hand, Quesnel (2011) reported no differences in colostrum 
yield across parity.  These inconsistencies make it difficult to determine if piglets born to 
gilts are at a disadvantage compared to other litters due to the amount of colostrum 
produced by their dam.  Gestation crude protein content (13% or 16%) was reported to 
not impact colostrum fat content in one study (Mahan, 1998).  Another study suggested 
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that addition of fat to the diet or restricting energy can influence colostral fats (Okai et al., 
1977).  Increased fat content of colostrum has been associated with improved litter 
survival rate, weight gain, and weaning weight (Jin et al., 2017). 
 
1.5.5 Importance of milk during the suckling period 
 While piglets are nursing on the sow, she is still their primary (and in most cases 
only) source of nutrition.  Milk production is impacted by the size and number of 
offspring suckling and the intensity with which they do so (King et al., 1997).  Increased 
milk production can occur with a greater number of functional mammary glands or 
greater output from individual glands (Auldist et al., 2000).  However, piglets tend to 
have a preference for a specific teat (Fraser, 1980) and will typically nurse from it 
throughout the duration of the suckling period.  Therefore, production at each individual 
teat may be influenced by only one pig.  Larger pigs at birth often nurse from anterior 
teats (Mason et al., 2003; Skok et al., 2007) which are associated with better milk output 
than posterior.  Because of this it is believed that these pigs continue to have greater milk 
consumption and subsequently, greater growth rates (Hartsock et al., 1977).    
Milk also provides necessary immunoglobulins for development of the piglet 
immune system.  Immunoglobulin A is the predominate immunoglobulin in sow’s milk.  
Within a week of parturition, the profile changes from that of IgG in colostrum to IgA 
with minor portions comprised of IgM and IgG (Bourne and Curtis, 1973).  These Igs 
help to establish a passive immunity, piglets acquire this through exposure to antibodies 
in colostrum and milk without producing them through the bodies’ own immune system 
(Rooke and Bland, 2002).  Passive immunity aids piglets in the defense against pathogens 
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until weaning, without it, morbidity and mortality rates could rise.  However, passive 
immunity will begin to diminish around the time of weaning which makes the acquisition 
of active immunity vital to piglet health.  Active immunity, is the development of 
antibodies produced in response to an antigen being present within the body.  In pigs, a 
combination of both passive and active immunity is important.  In the case of porcine 
circovirus type 2 (PCV2), studies have demonstrated that both forms of immunity help to 
ensure protection against the virus when combined (Opriessnig et al., 2008, 2010).  When 
piglets received only antibodies from their dam and were not also vaccinated, prevalence 
of PCV2-viremia was greater than if piglets had also been vaccinated (Opriessnig et al., 
2008, 2010).      
 
1.6 Impacts of gestation feeding regimen on weaned pig performance 
 Weaning is a source of stress for young pigs, therefore it is of the utmost 
importance that each animal can overcome the obstacles that lay ahead.  Transportation, 
transition from milk to plant-based diet, intermingling with a new cohort, and 
establishing a new social hierarchy are all part of an abrupt change for piglets (Fraser et 
al., 1998; Niekamp et al., 2007).  Typical weaning strategy involves removing piglets 
from the dam and immediately transporting them to a new facility where they are mixed 
with piglets from other litters.  Along with this, most commercial farms in the U.S. do not 
provide a source of creep feed to piglets in the farrowing room, therefore they have little 
experience eating a plant-based diet as the only interaction they may have had is their 
dam’s lactation diet (Middelkoop et al., 2019).  With exposure to a new environment and 
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unfamiliar animals also comes the increased risk for disease prevalence and with that, a 
rise in morbidity and mortality rates.   
Both birth and weaning weight can be good indicators of potential ability to thrive 
during the nursery and finisher stages.  Significant improvement in growth rates, leading 
to fewer days to reach a common market weight for pigs of heavy birth weight compared 
to light weight have been reported (Wolter et al., 2001).  Improvements in birth weight 
typically lead to increased weaning weights and the potential for greater average daily 
gain (ADG) and average daily feed intake (ADFI) which in turn impact overall 
performance during the post-wean period (Mahan and Lepine, 1991; Smith et al., 2007).  
In another study conducted by Wolter and Ellis (2001), piglet wean weights were the 
main indicator of subsequent growth performance during the post-wean period.  Pigs 
weighing an average of 5.4 kg at weaning reached market weight 8.6 days sooner than 
piglets weighing only 3.9 kg.  Other studies have also demonstrated the importance of 
increased weaning weights on post-wean performance (Tokach et al., 1992; Dunshea et 
al., 2003; Smith et al., 2007).  However, an obstacle commonly faced by producers is the 
lower performance of gilt progeny compared to offspring of multiparous females.  Craig 
et al. (2017) followed all progeny from 109 gilts and 94 multiparous sows (parity 2-8) 
from birth to market.  Piglets born to gilts weighed less at birth, weaning, week 10, and 
market than pigs born to multiparous sows.  Gilt progeny also had higher mortality rates 
during the entire post-wean period which could be attributed to their lower weaning 
weights.  Better management of light weight pigs during the nursery phase may help 
mitigate the negative effects on productivity, however, another strategy is to minimize 
light weight pigs at weaning.    
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Increasing average wean weight has been an increasingly popular area of study as 
it has the potential for immense benefits for producers (Kats et al., 1992).  Altering 
gestation diets is often targeted as a potential way to positively influence piglet 
performance.  In one study, the inclusion of 13.35% ground wheat straw to a 
conventional corn-soybean gestation diet increased average litter birth weight by 0.87 kg 
and wean weight by 3.59 kg (Veum et al., 2009).  Another study looked at the impact of 
adding a yeast culture supplement to gestation (12 g/d) and lactation (15 g/d) diets and 
found improved litter weight gain of 6.9% (Kim et al., 2008).  This data indicates the 
positive influence adjustments to sow diets can have on their offspring. 
 
1.6.1 Non-nutritional impacts on piglet post-weaning performance 
Another factor which may negatively influence post-wean performance is 
establishing a new hierarchy.  Fighting is a natural behavior demonstrated in piglets when 
placed in a new cohort (Pitts et al., 2000).  Though typically minor and only lasting a few 
hours, occasionally extreme aggression is witnessed (Friend et al., 1983).  Pigs of similar 
weights tend to fight for longer periods of time and injuries can be much more severe 
than piglets with greater variations in weight (Rushen, 1987).  Combining piglets of 
differing size from various litters may be the best way to offset some of the negative 
consequences of asserting dominance (Rushen, 1987). 
Transition from a milk-based to solid diet can also impact the health and 
performance of newly weaned pigs.  It is not uncommon to notice a lack of growth during 
the first week or two post-weaning due to off feed events and diarrhea (Rhouma et al., 
2017).  The pigs not only consume a drastically different diet than they are used to 
22 
 
shortly after weaning, but also must adjust to newfound independence and choose when 
and how much to eat without the sow’s guidance (Coffey et al., 2002).   
 
1.7 Research objectives 
 The objective of this research was to determine the impacts of altering the SID 
Lys:energy ratio during gestation through 2 consecutive reproductive cycles on measures 
of 1) sow productivity as determined by changes in BW and backfat and litter 
characteristics at birth; 2) piglet robustness and 3) piglet post-wean performance.  We 
hypothesized that by altering the Lys:energy ratio this would result in sows of good BCS 
mitigating the need to catabolize maternal tissues during late gestation and producing 





2.0 IMPACT OF ALTERING LYS:ENERGY DURING GESTATION ON SOW 




To evaluate the effects of dietary Lys:energy during gestation on sow productivity 
and offspring performance until market, 63 primiparous and multiparous females were 
blocked by parity, balanced by weight and allotted to one of three gestation feeding 
regimens: 1.50 g SID Lys/Mcal ME (CON), 1.50 g SID Lys/Mcal ME from d2–89 and 
2.11 g SID Lys/Mcal ME from d90–110 d of gestation (PF1) and 1.25, 1.07, and 0.88 g 
SID Lys/Mcal ME from d2–89 for gilts, parity 1 and parity 2+, respectively and 2.11 g 
SID Lys/Mcal ME from d90–110 d of gestation (PF2) during 2 reproductive cycles.  Sow 
BW, backfat, and lactation feed intake were recorded along with litter characteristics at 
birth.  Piglet BW was measured again at d7 and weaning, as well as monthly during the 
post-wean period until market.  Pigs were selected for market by a trained technician 
blinded to treatment; to account for potential marketing bias an adjusted d130 weight was 
calculated.  Mixed and Correlation procedures of SAS were utilized with Scheffe’s as a 
means separation test.   
There were minimal detectable differences in sow BW or backfat during the first 
reproductive cycle other than a tendency for greater BW change from d110 to weaning in 
PF1 sows compared to CON (P = 0.06).  During the second cycle however, PF1 sows 
weighed less than PF2 at d110 (P = 0.01) and less than CON at weaning (P = 0.02).  
There were minimal detectable differences in litter characteristics at birth.  Piglets in PF1 
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litters weighed more than PF2 pigs at birth (P < 0.01).  At weaning, CON pigs weighed 
less than PF1 piglets, but were not different from PF2 offspring (P < 0.01).  Despite 
minimal differences in ADG, ADFI, or G:F between treatments of offspring from the first 
reproductive cycle, PF2 offspring were heavier (P = 0.02) at market and adjusted d130 
weight than CON pigs. While PF1 offspring had lower (P = 0.002) average BW at market 
than CON, they also spent fewer (138.2 vs. 142.7; P = 0.009) days on feed than CON 
pigs due to the aforementioned marketing bias.  The adjusted d130 weight demonstrated 
that if all pigs had been marketed on this day, CON pigs would have weighed 
significantly less than PF2 offspring (P = 0.02).  Overall, offspring from the second 
gestation/lactation cycle displayed minimal detectable differences across treatments.  
Although PF1 pigs were heavier than CON at weaning, they were unable to maintain 
their advantage and at both market and adjusted d130 there were no detectable 
differences in BW.  Results from the present study indicate offspring from phase fed 
sows may have an advantage over CON offspring as seen by improved growth 
performance during the suckling phase and market data during of first cycle offspring.  
 









Nutrient supply and utilization during gestation is not only vital to optimizing 
productivity in sows, but also greatly influences offspring performance.  Variations in 
AA requirements during pregnancy have been reported due to changing tissue demands 
with parity of the dam, stage of gestation, number of fetuses, and production potential 
(NRC, 2012).  To support exponential fetal growth and mammary development during 
the last trimester, increased levels of AA are required (Samuel et al., 2012, Levesque et 
al., 2011).  However, current industry standards exceed protein requirements during the 
first two trimesters and provide inadequate levels during the third trimester (Samuel et 
al., 2012; Navales 2018; Ramirez-Camba 2019).  Oversupplying protein during early and 
mid-pregnancy could have detrimental effects on the environment through excessive 
nitrogen excretion (Jongbloed et al. 1999).  However, by restricting AA intake during late 
gestation accommodation of pregnancy may be impacted leading to inadequate or 
unequal distribution of nutrients to either the dam or fetuses.   
 Due to increased production demands imposed on sows today, it is of the utmost 
importance that optimum nutrition is provided throughout gestation.  Attention to detail 
must be paid to ensure both under and oversupply of nutrients is avoided during all 
phases of pregnancy.  Over conditioning of gestating females is a major concern which 
may lead to injury, dystocia at farrowing, longer farrowing intervals, and increased rate 
of stillbirths (Zaleski and Hacker 1993, Kim et al., 2015).  According to one study, sows 
fed 20 g/day SID Lys from d90-110 of gestation had greater BW gain during this period 
than sows fed 10.7 g/day SID Lys (Gonçalves et al., 2016).  When diets were also 
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formulated for either high (6.75 Mcal/d NE) or low (4.50 Mcal/d NE) energy, females 
receiving both high levels of Lys and energy had the greatest BW gain of all four 
treatments.  Che et al. (2019) demonstrated similar results in a 2x2 factorial study with 
SID Lys of 14.7 or 20.6 g/d and NE of 28.24 or 33.78 MJ/d.  Females receiving high AA 
and high energy had the greatest BW gain during late gestation.  As increased BW has 
been linked to increased piglet birth weights, causing greater numbers of stillborn piglets 
(Gonçalves et al., 2016), caution should be taken to meet, but not exceed energy 
requirements or risk negative implications.  On the other hand, under conditioned sows 
often catabolize maternal tissues during gestation to compensate for the lack of nutrients 
in the diet (Yang et al. 2009).  This may lead to lighter birth weight piglets which could 
in turn increase mortality rates (Pond et al. 1987).  Piglets born to undernourished dams 
often show noticeable signs of IUGR which include decreased number of muscle fibers 
(Rehfeldt et al. 2004) and delayed growth compared to normal littermates (Karunaratne et 
al. 2005).  Due to the immense impact maternal nutrition has on future production 
potential of the offspring, studying the effects of altered Lys:energy during gestation may 
provide better insight into the mechanisms by which performance can be altered. 
 The objective of this portion of the study was to determine the effects of differing 
gestation feeding regimens based on Lys:energy ratios in early, mid, and late gestation on 
sow productivity and offspring performance. 
 
2.3 Materials and methods 
 
The research protocol was approved by the South Dakota State University (SDSU) 
Institutional Animal Care and Use Committee (No. 18-064A). Daily animal care followed 
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standard SDSU swine unit protocol and the Guide for the Care and Use of Agricultural 
Animals in Research and Teaching (Third Ed., 2010).  All animal research was conducted 
at the South Dakota State University Education and Research Facility, Brookings, SD. 
 
2.3.1 Study design and feeding regimen 
Primiparous and multiparous females (gestation/lactation 1 n=63; 197 ± 14.65 kg, 
gestation/lactation 2 n=43; 232 ± 9.37 kg) were blocked by parity and randomly assigned 
to one of 3 gestation feeding regimens within 2 days of breeding; Control (CON), Phase 
Feeding 1 (PF1), or Phase Feeding 2 (PF2) (Table 2.1).  The majority of females spent 2 
parities on test diets.  Animals assigned to the CON regimen received a standard corn 
soybean mash containing 1.50 g standardized ileal digestible (SID) Lys/Mcal ME 
throughout gestation.  Sows on PF1 regimen received 1.5 g SID Lys/Mcal ME d2 – 89 
and 2.11 g SID Lys/Mcal ME d90 – 110 of gestation.  Females on PF2 regimen received 
1.25, 1.07, and 0.88 g SID Lys/Mcal ME d2 – 89 for gilts, parity 1 and parity 2+, 
respectively and 2.11 g SID Lys/Mcal ME d90 – 110 d of gestation.  Immediately after 
breeding females were moved to group pens, each containing a Mennebeck IntelliTek 
(PigTek Americas, Milford IN, USA) feeding system allowing for customized feed 
curves to be created for each treatment using 2 master diets.  Females were monitored 
daily using the accompanying computer software to ensure feed was being consumed.  
Diets were formulated to contain 3542 kcal/kg ME, 10.3-16.2% CP, 0.86% total calcium 
and 0.45% available P.  To achieve targeted daily SID Lys intake, Low-Lys (0.30 %) and 
High-Lys (0.75 %) master diets were blended (Table 2.1 and 2.3).  Nutrient content and 
ingredient composition of the 2 master diets can be found in Table 2.2 and 2.4.    Daily 
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feed allotments were based on body condition score (BCS) using the caliper method 
(Knauer et al., 2015) taken at breeding, day 30, and day 60 of gestation.  Adjustments 
were made to daily allotment as necessary to maintain a target BCS (3-3.5). SDSU 
standard feeding protocol was followed using a 1-5 BCS feeding scale where caliper 
measurement correlated to pounds of feed per day (BCS1:7 lbs/d, BCS2:6 lbs/d, BCS3:5 
lbs/d, BCS4 and 5:4 lbs/d).   
During lactation, all sows received a common corn soybean mash (3300 kcal/kg 
ME and 0.64% SID Lys) formulated to meet nutrient requirements during this period.  
Using an electronic feeding system (Gestal 3G; Jyga Technologies, Greeley, KS, USA) 
feed was dispersed 6 times each day at 3-hour intervals.  Daily allotment could reach up 
to 20% above the set curve for ad libitum intake.  Trained personnel monitored feed 
disappearance daily and adjusted feeding intervals and quantity provided based on each 
animal’s appetite.  
2.3.2 Sow housing, management, and measurements 
All females were housed in group pens (28 ft. x 26.9 ft) from gestation d2 until 
approximately d110 when females were moved to an individual farrowing stall (6.0 ft. x 
8.0 ft.) where trained attendants could monitor parturition.  In the event of injury or 
illness during gestation, females were housed in an individual stall (2.0 ft. x 6.5 ft.).   
Indicators of sow performance included body weight (BW) and backfat change 
during gestation and lactation and daily feed intake throughout lactation.  At breeding, 
day 110 of gestation, and weaning all sows and gilts were weighed and backfat was 
measured using ultrasonography at the P10 position.  Standard farrowing records were 
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maintained including liveborn, stillborns, mummies, and total litter and individual birth 
weight.   
2.3.3 Piglet management and measurements 
Attendants were present 24 hours for the entire duration of the farrowing period to 
ensure each measurement was recorded for every piglet born.  Each live animal was 
dried, individually identified with an ear tag, and placed back with the respective sow as 
quickly as possible to maximize access to colostrum.  Piglets weighing less than 0.6 kg 
were euthanized at birth due to low probability of survival (Holl and Long, 2006, 
Królewska et al., 2014, Aulquin et al., 2016).  Within 24 hours after birth, all piglets 
received a 1mL injection of iron and a 1mL oral dose of Marquis® (Merial, Duluth, GA, 
USA).  Animals weighing between 0.8 and 1.0 kg also received 0.25 mL injection of 
Exceed (Zoetis, Psippany, NJ, USA) while piglets weighing between 0.6 and 0.79 kg 
were given the same dose of Exceed and 1mL of First Pulse D (Ralco Nutrition, 
Marshall, MN, USA).  Cross fostering occurred within the first 48 hours to equalize litter 
size within treatments to a target of 12-14 pigs suckling per sow.  On day 3 after birth, all 
piglets were tattooed with a premise identification, tails docked, and a 1 mL injection of 
Cicumvent® PCV-M G2 (Merck Animal Health, Madison, NJ, USA) was administered.  
Males were also castrated at this time and 1 mL SpectoGard® Scour Chek (Bimeda, 
Oakbrook Terrace, IL, USA) was administered to animals displaying visible signs of 
scours.  Piglets were weighed again on day 7 and the day before weaning.  At 
approximately 14 days of age, a 1 mL oral dose of Entero-Vac (ARKO Laboratories, 
Jewell, IA, USA) was administered, followed by a 1 mL injection of both Baytril (Bayer, 
Shawnee Mission, KS, USA) and Cicumvent® PCV-M G2 at weaning.   
30 
 
Piglets remained with the sows until weaning unless moved to a Birthright deck 
(Ralco Nutrition) which contained milk replacer.  Before an animal was removed from 
the sow, the weight would be recorded daily over the course of a minimum of three days.  
If it was determined a piglet had lost weight, remained the same, or gained less than 30 g 
each day they were removed from trial.   
Piglets were also assigned to weight categories based on body weights (BW) at 
birth and weaning.  Using the average BW of all live pigs and multiples of the standard 
deviation, 11 categories were determined at both timepoints.  These categories allowed 
for better visualization of piglet BW distribution by maternal treatment over the course of 
lactation.  
2.3.4 Piglet post-wean management and measurements 
 At weaning, pigs were relocated to the SDSU on-site wean to finish facility where 
they were sorted by sow treatment and placed in pens of mixed gender.  Two breeding 
groups of sows were originally selected and placed on trial for 2 successive parities 
resulting in 4 blocks of weaned pigs (i.e. one block for each breed group in each of the 2 
parities).  However, following the first reproductive cycle, replacement gilts were added 
to each breed group. These gilts were included in the trial and followed through each of 
their first 2 successive parities resulting in 2 additional weaned pig blocks that 
represented the offspring from the second reproductive cycle for these replacement gilts.  
The 6 blocks of weaned pigs were weaned into one of 2 types of rooms, nutrition rooms 
consisting of 49 pens containing 5-7 pigs each and environmental rooms consisting of 20 
pens of 13-15 pigs each.  Groups 1, 2, and 4 were placed in environmental rooms, while 
groups 3, 5, and 6 were weaned into nutrition rooms.  All animals were weighed 
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individually 1 week post-wean followed by once each month until market.  Final weights 
were taken the day before market for all pigs other than group 3 and 6.  Pigs from group 3 
were weighed at different timepoints during the grow-finish period due to the other trial, 
therefore data from these animals was analyzed separately from d49-147 post-wean.  
Animals were marketed by a technician blinded to treatment; to account for potential 
marketing bias, adjusted d130 weight was calculated.  Feed disappearance was recorded 
on a pen basis using a density stick (method determined by Dr. Cortus).   
2.3.5 Statistical analysis 
 The PROC MIXED procedure of SAS (Version 9.4, SAS Inst. Inc., Cary, NC) 
was used to assess sow reproductive productivity and piglet performance.  Based on a 
randomized complete block design where sow was used as the experimental unit for 
measures of sow productivity and piglet performance until wean, while pen was used for 
post-wean data. The UNIVARIATE procedure of SAS was used to confirm the 
homogeneity of variance and to analyze for outliers. Then data was analyzed as a 
randomized complete block design by using MIXED procedure of SAS (SAS Inst. Inc., 
Cary, NC). In the initial assessment within each reproductive cycle, the statistical model 
included the fixed effects of dietary treatment (Control, PF1, PF2). The influence of 
initial sow parity on sow reproductive performance and offspring performance at select 
time points, the model included sow parity (Gilts vs. Multiparous), dietary treatment and 
their interaction. The random effect was sow group. The influence of dietary treatment, 
parity, and their interaction across the entire trial on sow PUN and colostrum and milk 
composition was assessed where gestation/lactation cycle was included as a random 
effect and sow group as block. For total litter weight, litter size was used as a covariate 
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and for suckling piglets performance, the lactation period or piglets age was used as a 
covariate.  Scheffe’s adjusted means test was used to detect differences where P ≤ 0.05 is 
considered significant. Due to resource constraints, pigs from groups 2, 3, and 5 were 
also utilized in other research trials.  When taken into account in the model, there was no 
significant interaction between sow gestation treatment and piglet diets from the other 
trials.  Therefore, only sow treatment was included in the statistical model.  Weight 
distribution was analyzed using the Chi-squared test with the PROC FREQ procedure.  
Pairwise differences were tested using Scheffe’s adjustment when a significant main 
effect of model was detected, significance was reported as P < 0.05 and tendency as 0.10 
< P < 0.05.   
2.4 Results and Discussion 
 Sixty-three sows (CON, n=22, PF1, n=20, PF2, n=21) completed the first 
gestation/lactation cycle and forty-three (CON, n=16, PF1, n=11, PF2, n=16) completed a 
successive second gestation/lactation cycle.  Sows not completing a second parity were 
removed from test due to death (n=2), injury (n=2), culled (n=3), and failure to rebreed or 
pregnancy failure (n=13).  Sows utilized in this study were housed in group pens which 
may account for some females not completing a successive parity on trial.  Some 
differences have been noted in lameness scores and subsequent culling rates when 
comparing sow housing systems (Anil et al., 2003; Deen et al., 2005).  Injuries 
commonly occur due to the establishment of social hierarchies in groups of pigs.  
Therefore, females housed in group pens are more likely to experience the negative 
impact of injuries on both reproductive performance and longevity than those housed in 
stalls (Anil et al., 2003).  Sows who become lame have a greater risk of being culled and 
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produce higher rates of mummified fetuses (Deen et al., 2005).  Of the sows removed 
from trial, one died after suffering extensive injuries during a fight shortly after entering 
the group pen and two others became severely injured for similar reasons.  Reproductive 
failure was the greatest reason for sows not completing a successive parity.  Many of 
these females were young (first parity) therefore it was unexpected.  Following other 
trials within the herd, the higher rate of failure of first parity sows to return to estrus or 
remain pregnant than expected was suspected to be linked to the multiplier farm.  
Females at this farm tested positive for Chlamydia which has been linked with 
reproductive disorders such as anestrus and return to estrus due to early embryonic death 
(Schautteet and Vanrompay, 2011).   
2.4.1 Sow and offspring performance in first gestation/lactation cycle 
No differences were detected in body weight or backfat of sows at gestation D2, 
D110, or weaning (Table 2.6) for the 63 sows completing the first gestation.  The similar 
weight and backfat gain for all treatments suggest there is no detriment to altering 
AA:energy ratio throughout gestation as the average BW gain was approximately 55 kg 
for all treatments and backfat gain was 3-4mm.  Though average weight gain throughout 
gestation was similar across treatments, weight loss from d110 to weaning tended to be 
greater (P =0.06) for PF1 sows compared to CON (Table 2.6).  This trend was 
unexpected as PF1 females received the same diet as CON during the first 89 days of 
gestation and all treatments received a standard lactation diet without any notable 
differences in ADFI.  However, since both phase feeding treatments saw a similar trend 
(though not a tendency for PF2 females), there may be something at play during late 
gestation that would impact subsequent weight loss during lactation as this was the only 
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period both treatments numerically deviated from the CON diet.  On the other hand, litter 
characteristics must also be taken into account and may affect this trait.  According to 
Che et al. (2019), increased maternal energy or AA intake during late gestation 
significantly impacted BW loss during lactation.  This could be due to increased piglet 
birth weights connected to the elevated energy levels or improved piglet growth rates 
during suckling correlated to increased AA during late gestation.  Both of which may 
lead to increased maternal BW loss over the course of lactation.  Excessive BW loss has 
been connected to decreased reproductive performance in subsequent parities which may 
help to explain why some females did not complete a successive parity.  A 20% reduction 
in pregnancy rate was noted in one study after rebreeding first parity sows when BW loss 
exceeded 13.8% (Hoving et al., 2012).  The change in backfat from D110-weaning 
approached a tendency (P = 0.14) with PF1 sows losing 1.6 mm more during lactation 
than CON.  The loss in backfat can be attributed to the overall BW loss during lactation.    
 Minimal differences were detected in litter characteristics across treatments at 
birth (Table 2.6).  Though numerical differences were noted with CON-fed sows having 
nearly 1.5 more liveborn pigs/litter than PF2 females, number of piglets born alive were 
not significantly different across treatments.  Stillborn, mummies, and pigs weaned per 
litter were not different across treatments.  Lack of differences in total born and 
numerical differences in liveborn could be further understood after taking into 
consideration numerical differences found in mummified fetuses.  It is important to note a 
sample from the herd had recently tested positive for PCV2 at the time of farrowing 
during the first gestation/lactation cycle.  This could have influenced the increased rates 
of mummies noted.  Fetal exposure to PCV2 before d70 of gestation can often result in 
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fetal mummification (Nauwynck, 2013).  Though no tendencies were detected in either 
parameter, incidence of mummies appeared to follow an inverse pattern to live born.  
Therefore, when taken together CON sows appeared to have more live born and less 
mummies than PF1, and even more so compared to PF2 sows.  A previous study (Ampire 
et al., 2017) noted a similar trend with liveborn and stillborn piglets in gilt litters as is 
noted in the current trial with liveborn and mummified fetuses.  Gilts fed a control 
regimen throughout gestation had fewer stillborn piglets compared to a bump-fed 
treatment, and even fewer than phase-fed gilts.   However, it was concluded the increased 
number of stillbirths in phase-fed gilts could potentially be linked to farrowing duration.  
In the current study, farrowing duration would not have impacted number of mummified 
fetuses.  Therefore, it is believed there may be a link to AA intake during gestation as 
there were no differences in sow BW, backfat, or environment across treatments for the 
duration of gestation.  Mummification of fetuses has been recorded from as early as d35 
of gestation until parturition and can have many causes including toxins, disease, 
nutritional stress, and large litter size any of which could impact uterine environment and 
lead to mummies (Wu et al., 1988; Borges et al., 2005).  With the underlying knowledge 
that there was a positive test for PCV2 in the herd at this time it is possible that disease 
prevalence in combination with the altered Lys:energy ratio during gestation could 
explain the numerical increase in mummified fetuses of PF2 sows compared to CON.   
 Piglet body weights at d0 were greater for PF1 pigs compared to PF2 (P < 0.01) 
(Table 2.6).  At d7 of age and weaning, PF1 offspring weighed more than CON offspring 
(P < 0.01).  Litter size at birth may in part explain heavier birth weight in PF1 piglets as 
noted by Smit (2013) that fewer total born is associated with heavier birth weights.  
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Similarly, heavier weights at birth typically result in heavier pigs at weaning (Smith et 
al., 2007).  This could explain why at weaning PF1 offspring still weighed significantly 
more than CON.  On the other hand, PF2 offspring were not different from CON 
offspring at all timepoints despite numerical differences in litter size.  By d7, PF2 piglets 
were not different from either CON or PF1.  Potential reason for this increased growth of 
PF2 offspring during the suckling period as compared to CON could be that there was an 
average of 0.75 less piglets nursing thus lesser competition for both colostrum and milk.  
Colostrum has been classified as highly variable and not directly associated with litter 
size (Quesnel, 2011), therefore, a litter of fewer pigs may have access to the same amount 
of total colostrum as a larger litter.  Milk seems to be more easily influenced by litter size 
than colostrum, however smaller litters may still have an advantage.  According to 
Auldist et al. (1998), piglet growth rate decreased with increasing litter size.  This may be 
due to increased litter variation where smaller piglets’ inability to nurse as well as larger 
littermates leads to decreased consumption (Devillers et al., 2007) which may affect 
subsequent growth performance.  
Figures 2.1 and 2.2 display the BW distribution of piglets at birth and weaning.  
These figures demonstrate how offspring BW shifted across lactation between maternal 
treatments.  At birth, CON litters contained a larger percentage of pigs weighing less than 
0.72 kg and between 0.89-1.36 kg than PF1 offspring (Chi-squared = 0.056).  A greater 
percentage of PF1 offspring compared to CON and PF2 were also noted in all weight 
categories above 1.52 kg at birth.  PF2 litters had a greater percentage of piglets weighing 
0.73-0.88, 1.05-1.20, and 1.37-1.52 kg than both CON and PF1.  At weaning, both PF1 
ad PF2 piglets seemed to shift towards the right into heavier weight categories compared 
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to CON offspring (Chi-squared = 0.0001).  The largest percentage of CON piglets 
weighed between 4.60 and 6.61 kg while PF2 were located primarily between 4.60 to 
7.29 kg and PF1 seemed to mostly fall between 5.27 and 7.96 kg.  More CON offspring 
weighed less than 3.91 kg than PF1 or PF2 piglets while a greater percentage of PF1 
offspring weighed more than 6.62 kg than both CON or PF2 offspring.  At birth, PF1 
offspring weighed more than both other treatments, however, over the course of lactation, 
PF2 piglets began to catch up which can be visualized through the use of weight 
categories.  With modern highly prolific sows, within litter weight variation has increased 
leading to a greater proportion of light birth weight pigs which are associated with higher 
mortality rates and decreased growth performance (Douglas et al., 2013; Perez-Palencia 
and Levesque, 2019).  Using weight categories may provide beneficial insight into 
performance potential of offspring, adequacy of maternal feeding strategies, and allow 
for increased interventions to positively influence growth of low birth weight pigs (Perez-
Palencia and Levesque, 2019). 
2.4.2 First gestation/lactation offspring post-wean performance 
There was no difference in BW among treatment groups from weaning to d91; 
however, at d118 PF1 and PF2 offspring tended to be heavier (P = 0.10) than CON pigs.  
At market and adjusted d130, PF2 pigs were heavier than CON with PF1 pigs 
intermediate.  Minor differences were detected in daily gain, feed intake and G:F.  
However, similar to BW, daily gain was 5-10% greater in PF1 and PF2 offspring from 
d36 after weaning with a tendency (P =0.06) for greater gain in PF2 pigs compared to 
CON pigs from d92-118.  At market, PF2 offspring were heavier than PF1 pigs (Table 
2.7), however they also spent an average of 2 more days on feed than PF1 offspring.  To 
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account for discrepancies in days on feed and market weights, the adjusted d130 weight 
was calculated to determine average weights at a common day of age during the 
marketing period. The relatively large difference in body weight at Adj D130 between 
PF2 and CON was unexpected.  All pigs were fed the same standard 9 phase diets from 
placement in the nursery until market.  Therefore, the heavier weights at the end of the 
finisher stages must be attributed to the dam, and in this case, it is believed the gestation 
feeding regimens.  In order to more fully understand these results, it is believed that 
biological samples may give better insight as to why there were differences in BW, but 
few elsewhere.  Biological markers of piglet robustness and production potential are 
further discussed in Chapter 3.  
Between D92-118, a tendency was detected where PF2 pigs had a greater (P = 
0.06) ADG than CON pigs.  While significant differences were noted in weights shortly 
before market, no differences were detected in daily feed intake or G:F.  Feed intake data 
should be assessed with caution; University barn staff were tasked with daily record 
keeping of feed added during the post-wean period for offspring from the first 
gestation/lactation cycle.  Inconsistencies in record keeping were noted that may have 
reduced the accuracy of feed data.   
2.4.3 Sow and offspring performance in second gestation/lactation cycle 
In the second gestation/lactation cycle, significant differences were detected in 
sow BW, but not backfat (Table 2.8).  The numerical difference noted at weaning 
following the first gestation/lactation cycle was exacerbated, and a tendency was noted 
when calculating BW at breeding for only the 43 sows completing a second cycle.  
Across both gestation and lactation BW differences were significant.  At d110 of 
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gestation PF1 sows weighed less (P = 0.01) than PF2 females.  By weaning, PF1 females 
weighed less (P = 0.02) than CON sows.  The change in BW across lactation 
demonstrated a tendency similar to that of the first gestation/lactation cycle.  This time, 
both PF1 and PF2 tended to lose more BW than CON females (P = 0.08).  PF2 sows lost 
an average of 1 mm more of BF than both CON and PF1 sows during lactation.  The 
changes in BW and BF could be linked to feeding regimen during late gestation since 
there were no differences detected in ADFI during lactation, nor were there any 
detectable differences in litter characteristics other than piglet BW.  However, the 
increase in piglet BW may also have influenced lactation BW and BF loss of the sows 
due to a potential increased demand for nutrients from the dam to support the growth of 
her offspring.  As indicated by Eissen et al. (2003), when piglet BW increases in a linear 
fashion, sow BF will decrease in a linear manner.  In the present study, PF1 offspring 
weighed more at both birth and weaning than CON while PF2 piglets had improved 
growth performance during lactation compared to CON pigs.  The improved performance 
of both PF1 and PF2 offspring could be causing the dams to lose more BW and BF than 
CON sows. 
Though not statistically different, PF2 sows averaged 1.38 more live born 
pigs/litter than PF1 sows (Table 2.8).  This numerical difference could help account for 
the difference detected in average BW at birth as fewer pigs/litter have historically been 
linked to greater BW (Smit 2013).  While only a numerical difference, PF2 sows had the 
highest average for mummified fetuses once again.  The numerical increase in 
mummified piglets could again be attributed to early and mid-gestation feeding regimen.  
According to a meta-analysis conducted on reports from 365 sow farms during 2019 
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(PigChamp), the average number of mummified fetuses ranged from 0.23 to 0.38.  
Values for the current study ranged from 0.46 to 1.06 which is markedly higher than 
industry average.  On the other hand, CON litters averaged approximately 1 more 
stillborn than PF1 and PF2 sows.  This was unexpected as stillbirths have historically 
been linked to larger litter sizes and higher parity sows (Cutler et al., 1981; Zaleski and 
Hacker, 1993).  However, there were no differences in total born piglets between 
treatments and sow parity of PF2 and CON females were similar.  Number of piglets 
weaned were not different across dietary treatments.  Though not statistically analyzed, 
variables including deads, piglets removed from trial that lived, and total percent 
removed are valuable for comparing performance across treatments (Table 2.8).  It is 
important to note that while PF1 sows were less numerous than both other treatments (11 
vs. 16) in the second gestation/lactation cycle, these females also had the lowest 
percentage of total piglets removed from trial.  This may be attributed to the heavier birth 
weights as it has been demonstrated that larger piglets at birth continue to perform better 
than piglets of lighter birth weights (Smith et al., 2007).  This could influence those pig’s 
ability to remain healthy and continue to grow, therefore remaining on trial.   
As in the first reproductive cycle, piglet BW at birth and weaning were analyzed 
using the category distribution method.  At birth, PF1 offspring seemed to fall into 
heavier weight categories as noted by the larger percentage residing to the right side of 
the chart (Figure 2.3).  Weight categories at 1.66 kg and above contained a larger 
percentage of PF1 piglets than CON or PF2.  CON litters displayed larger percentages 
found in light and middle weight categories.  PF2 piglets were found in all weight 
categories, however there was a steep decline in percentage present above 1.65 kg.  All 
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treatments had the largest percentage of offspring fall within 1.18 to 1.65 kg.  At 
weaning, both PF1 and PF2 pigs followed a standard bell curve pattern while CON pigs 
deviated slightly (Chi-squared = 0.74) (Figure 2.4).  At 4.68 to 5.25 kg there was a spike 
with nearly 25% of all CON pigs falling into this group.  The largest percentage of PF1 
offspring were found between 6.43 and 7.00 kg, but between 5.26 and 7.00 kg there was 
also a linear increase in percentage of PF1 piglets present.  The largest percentage of PF2 
offspring fell between 4.68 and 7.00 kg with a linear increase from <3.50 to 5.25 kg and a 
linear decrease with increasing weight categories after 6.42 kg.  At birth there appeared to 
be a clear separation between PF1 offspring and both other treatments.  At weaning PF1 
pigs still seem to have a slight advantage over PF2 (which is noted in the numerical BW 
differences at weaning), but all treatments have shifted more closely together.  The 
difference in BW at weaning between CON and PF1 can be visualized using weight 
categories.  With nearly a quarter of all CON offspring weighing below average at 
weaning, the statistical differences noted in Table 2.8 in BW of PF1 and CON offspring 
can begin to be further understood.   
Offspring of multiparous females typically outperform pigs born to gilts in 
measures of BW and ADG (Craig et al., 2017).  Along with this, the second reproductive 
cycle of a sow’s life has historically been linked to decreased performance (Penny et al., 
1971; Morrow et al., 1989; Saito et al, 2010) often noted by smaller litter size.  Therefore, 
to determine the impact of dietary treatment and sow parity on performance of piglets 
born, the interaction of these variables was analyzed within each reproductive cycle 
(Table 2.12).  Number born alive did not differ by dietary treatment or reproductive cycle 
within either gilts/P1 or multiparous females (P > 0.77).  No differences were detected 
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for the interaction of dietary treatment and parity for measures of offspring BW at birth, 
weaning, or adjusted d130 for either multiparous sows or gilts/P1 females (P > 0.253).  
The improved birth weight of PF1 piglets born to multiparous females helps to explain 
why when all data is combined, PF1 offspring are heavier at birth than both CON and 
PF2 piglets.  Offspring birth weight was increased during the second reproductive cycle 
for gilts/P1 females (P = 0.017) while piglet wean weight (P = 0.020) and ADG from 
birth to wean (P = 0.004) were increased during the second cycle for offspring of 
multiparous females.  The increases in wean BW and ADG may help to explain why, 
though not significant, multiparous offspring born during cycle 2 weighed more at 
adjusted d130 than cycle 1.  However, though wean BW (P = 0.012) and ADG from birth 
to wean (P 0.021) were greater for gilt/P1 offspring from PF1 and PF2 litters compared to 
CON, there were no differences detected in adjusted d130 BW.  This indicates that these 
animals were unable to maintain their weight advantage during the post-wean period, 
allowing CON offspring to catch up. Piglets born to multiparous PF2 females weighed 
less at birth and weaning than their PF1 counterparts, however both groups averaged the 
same weight at d130 and tended to be heavier than CON offspring.  Biological samples 
collected from both dam and offspring may further explain the mechanisms by which 
PF2 offspring from multiparous sows were able to catch up to PF1 piglets.  
2.4.4 Second gestation/lactation offspring post-wean performance 
 Data for piglets born during the second reproductive cycle on trial were analyzed 
in 3 groups; piglets from blocks 4 through 6, block 3 pigs used for a grow-finish trial, and 
block 3 lightweight pigs not suitable for use in the trial.  Piglet BW at weaning was 
significant when all animals weaned were accounted for.  PF1 pigs weighed more than 
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CON, however, this was the only significant difference noted across the post-wean period 
for all second gestation/lactation offspring (Table 2.9).  There were no detectable 
differences in ADG, ADFI, or G:F during the post-wean period aside from one tendency.  
From d8-35 after weaning PF1 offspring had a lower (P = 0.06) ADFI than PF2 pigs.   
Pigs in block 3 were weighed at d49 post-wean and either selected to remain at 
the on-site facility as part of a grow-finish trial (Table 2.10) or were relocated to another 
facility due to light BW (Table 2.11).  Among piglets used for the grow-finish trial, there 
were several tendencies noted.  The majority of which were trends in BW.  At nearly all 
timepoints PF2 pigs tended to weigh more than CON pigs (Table 2.10).  There was also a 
tendency from d71-89 for both PF1 and PF2 offspring to gain more (P = 0.08) weight 
than CON offspring though no other differences were detected during the post-wean 
period for ADG.  From d49-70, G:F was greater (P = 0.01) for CON pigs compared to 
PF1 and from d123-147 G:F was greater (P = 0.04) for CON and PF1 compared to PF2.  
Though not significant, ADFI was 5-10% greater for both PF1 and PF2 offspring 
compared to CON for the entire post-wean period.  At d147, PF1 and PF2 offspring 
weighed 5-6 kg more than CON offspring.  Pigs that were deemed too small to be used in 
a grow-finish trial were removed at d49 and raised at the Southeast Research Farm 
(Beresford, SD).  No significant differences were detected for any variable for these 
lightweight pigs (Table 2.11).  However, at d147 when all animals were marketed, 
weights were 2-4 kg heavier for PF2 and PF1 offspring compared to CON.  Therefore, 
the altered Lys:energy ratio during late gestation may be providing an advantage to the 
offspring by increasing BW shortly before market.  By providing additional AA there 
may be potential to improve productivity and performance.  The combined data from 
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second cycle offspring suggests that there may not be as great of an advantage in 
performance during the second reproductive cycle as there may be during the first due to 
minimal detectable differences.  This may indicate that the greatest advantages are seen 
in gilt litters as there were no gilts in the second reproductive cycle on trial.  However, 
there were numerical differences in BW at market for both groups analyzed from block 3 
with PF1 having the heaviest BW.   
Minimal research has followed offspring through market from a gestation feeding 
regimen trial similar to the present study.  Results from the current study suggest a need 
for doing so.  If maternal dietary treatment can impact piglet post-wean performance, 
then the importance of feeding females during gestation becomes relevant to not only 
sow farms, but all aspects of swine production.  A small study conducted by Schoknecht 
et al. (1993) demonstrated that severe protein restriction during the entirety of gestation 
led to decreased piglet birth and slaughter weights.  In this same study it was determined 
that protein restriction during only late gestation led to lighter piglet body weights at 
birth, but no differences at slaughter.  This data in combination with that of Smith et al. 
(2007) and Smit (2013) may help to explain why PF1 offspring outperformed CON 
during the first gestation/lactation cycle and portions of the second.  If CON sows were 
not receiving adequate Lys:energy ratio during late gestation this may have stunted the 
offspring birth weight in comparison to that of PF1 pigs.  If heavier piglets at birth tend to 
remain heavier and grow at a faster rate than smaller pigs (Smith et al., 2007; Smit, 2013) 
it makes sense that PF1 offspring would remain heavier than CON at market.  On the 
other hand, results from the current study contradict those of Schoknecht et al. (1993) 
when comparing CON and PF2 offspring.  Although PF2 sows received a higher 
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Lys:energy ratio during late gestation than CON, offspring of both treatments were not 
different at birth.  A possible explanation for this could be the decreased Lys:energy ratio 
fed to PF2 sows during early and mid-gestation.  These levels were potentially too low 
which may have resulted in piglets of similar birth weights between CON and PF2 litters.  
NRC (2012) suggests SID Lys requirements during early and mid-gestation may fluctuate 
between 6.5 g/day and 10.5 g/day.  Therefore, limiting SID Lys to 7 g/day and 8.5 g/day 
for sows of parity 1 and parity 2+ respectively may be too low.  This would align with the 
results from Schoknecht et al. (1993) where protein restriction during early gestation 
decreased birth weights.  Decreased Lys:energy ratio during early and mid-gestation 
followed by increased ratio above that of CON in late gestation could counteract the 
potential benefits on birth weight seen in PF1 offspring where maternal Lys:energy ratio 
was only altered in late gestation.  Limited information is available which explains 
differences seen in average BW at market between CON and PF2 pigs.  
 
2.5 Conclusion 
 CON sows better maintained BW compared to PF1 and PF2 females throughout 2 
consecutive reproductive cycles.  PF2 offspring outperformed CON pigs during the post-
wean period although exact reasons as to why cannot be concluded currently.  Altering 
Lys:energy during gestation was beneficial for offspring from the first gestation/lactation 




Table 2.1 Gestation feeding regimens1 
Feeding regimen Days on feed Lys/Mcal ME SID Lys, g/d 
Control             2-110 
 
1.50           12 
 
Phase-feeding 1 
         2-89 
 












         2-89 
 




10, 8.5, 7 
 
17 
1Daily nutrient requirements were determined using the NRC 2012 gestation requirement model assuming 
145 kg BW at breeding, litter size of 12 and piglet birth weight of 1.4 kg. All diets were formulated to meet 




Table 2.2 Diet formulation of High- and Low-Lys master diets in gestation1 
Ingredients, % Low-Lys High-Lys 
Corn (yellow dent; NRC; 8.2% CP) 74.30 59.10 
Corn DDGS, 6-9% 5.00 10.00 
Soybean meal solvent extracted 4.00 16.00 
Soybean hulls 10.00 10.00 
Soybean oil 3.00 1.00 
Lysine.HCl 0.00 0.19 
Methionine 0.00 0.07 
Threonine 0.00 0.13 
Tryptophan 0.00 0.01 
Limestone 1.30 1.30 
Dicalcium phospate 0.00 0.00 
Salt 0.40 0.40 
Monocalcium phosphate 1.80 1.60 
Vitamin premix 0.05 0.05 
Mineral premix 0.15 0.150 
Total 100 100 
   
ME, kcal/kg 3542 3542 
Crude Proten, % 10.3 16.2 
Total Lysine, % 0.408 0.900 
SID Lysine, % 0.304 0.75 
1Diets were formulated to meet or exceed all nutrient requirements throughout gestation. 




Table 2.3 Blend of master diets based on target daily SID Lys intake in gestation1 
1Master diets were blended to meet or exceed all nutrient requirements throughout gestation.  Daily feed 
allowance was based on a caliper BCS to achieve, or maintain, a target BCS of 3.0. Target daily Lys intake based 
on gestation feeding regimen to achieve 12 g/d SID Lys (CON), 12 and 17 g/d SID Lys in early/mid (d2-89) and 
late (d90-110) gestation, respectively (PF1), and 7, 8.5, or 10 and 17 g/d SID Lys in early/mid and late gestation 













Low High Low High Low High Low High Low High 
2.00 1.78 0.22 1.44 0.56 1.11 0.89 0.67 1.33   
2.27 2.23 0.04 1.89 0.38 1.56 0.71 1.12 1.15 0.01 2.26 
2.73   2.66 0.07 2.33 0.40 1.88 0.85 0.77 1.96 
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Table 2.4 Amino acids and proximate analysis of Low- and High-Lys master 
gestation diets1 and standard lactation diet 
1Proximate and amino acid analysis conducted on subsamples of each diet at periodic intervals throughout 
both reproductive cycles.  Values represent the average of approximately 20 samples for each master diet.  
Items Low-Lys High-Lys Lactation 
Proximate analysis  
    CP 9.57 16.22 18.33 
    Moisture 11.30 10.85 13.27 
    Crude Fat 4.68 3.41 1.72 
    Crude Fiber 5.48 6.28 2.40 
    Ash 4.96 5.33 5.46 
Amino Acid analysis  
    Alanine 0.60 0.88 0.92 
    Arginine 0.48 0.92  
    Aspartic Acid 0.77 1.45 0.78 
    Cysteine 0.19 0.30 0.25 
    Glutamic Acid 1.61 2.71 0.77 
    Glycine 0.43 0.70 0.31 
    Histidine 0.26 0.43 0.25 
    Hydroxylysine 0.03 0.03 1.05 
    Hydroxyproline 0.09 0.12 0.71 
    Isoleucine 0.38 0.67 0.62 
    Leucine 0.99 1.49 0.95 
    Lysine 0.44 0.98 1.20 
    Methionine 0.15 0.29 1.59 
    Ornithine 0.00 0.01 0.49 
    Phenylalanine 0.46 0.79 0.02 
    Proline 0.71 1.03 0.91 
    Serine 0.41 0.70 1.09 
    Taurine 0.16 0.16 1.88 
    Threonine 0.35 0.68 3.22 
    Tryptophan 0.06 0.17  
    Tyrosine 0.32 0.55 0.03 
    Valine 0.47 0.78 0.85 
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Table 2.5 Amino acids and proximate analysis of the nine-phase feeding program from 
weaning to market1 
1Proximate and amino acid analysis were conducted on subsamples of each phase collected throughout the 





Phase One Two Three Four Five Six Seven Eight Nine 
Items          
Proximate analysis 
    CP 20.07 20.67 20.24 19.8 17.09 14.74 13.2 10.86 12.28 
    Moisture 6.69 7.43 10.59 12.23 12.76 12.94 12.53 12.69 12.35 
    Crude Fat 6.35 6.54 3.31 1.39 1.86 1.65 1.35 2.09 1.74 
    Crude Fiber 1.94 2.03 2.00 2.02 2.76 1.91 1.77 1.48 2.07 
    Ash 6.57 6.29 6.00 5.07 3.98 4.12 3.48 3.44 3.2 
Amino Acid analysis 
    Alanine 1.03 1.04 0.98 0.92 0.9 0.82 0.68 0.65 0.68 
    Arginine 1.19 1.2 1.21 1.18 1.11 0.95 0.69 0.62 0.67 
    Aspartic Acid 1.83 1.88 1.97 1.86 1.73 1.48 1.08 0.97 1.08 
    Cysteine 0.3 0.29 0.3 0.33 0.33 0.28 0.22 0.2 0.24 
    Glutamic Acid 3.22 3.24 3.41 3.31 3.11 2.76 2.12 1.96 2.11 
    Glycine 0.94 0.93 0.84 0.74 0.73 0.63 0.48 0.44 0.49 
    Histidine 0.45 0.46 0.5 0.48 0.46 0.41 0.32 0.3 0.32 
    Hydroxylysine 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.03 0.03 
    Isoleucine 0.86 0.87 0.88 0.83 0.77 0.67 0.51 0.45 0.5 
    Leucine 1.58 1.61 1.65 1.62 1.52 1.41 1.15 1.1 1.13 
    Lysine 1.47 1.58 1.4 1.29 1.2 1.04 0.86 0.84 0.85 
    Methionine 0.53 0.51 0.42 0.51 0.36 0.29 0.23 0.18 0.27 
    Phenylalanine 0.94 0.94 0.95 0.94 0.88 0.78 0.6 0.55 0.59 
    Proline 1.01 1.02 1.1 1.06 1.04 0.97 0.79 0.79 0.79 
    Serine 0.82 0.82 0.84 0.79 0.77 0.66 0.51 0.48 0.51 
    Threonine 1.02 1.01 0.87 0.81 0.77 0.63 0.53 0.48 0.58 
    Tryptophan 0.3 0.3 0.26 0.21 0.2 0.16 0.14 0.11 0.16 
    Tyrosine 0.69 0.68 0.66 0.66 0.61 0.53 0.4 0.35 0.38 
    Valine 1.01 1.03 0.94 0.9 0.85 0.75 0.58 0.52 0.57 
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Table 2.6 Performance of sows during first gestation/lactation cycle1  
 Sow Treatment   
Items CON PF1 PF2 SEM P-value 
Sow per treatment 22 20 21   
Parity      
No. P1 9 7 9   
No. P2 4 4 3   
No. P3 0 1 1   
No. P4 1 2 1   
No. P5 3 2 3   
No. P6 5 4 4   
Sow BW, kg      
Breeding 198.0 191.5 201.6 14.65 0.78 
d 110 247.8 244.0 255.1 6.65 0.37 
Weaning 240.7 226.4 240.1 8.21 0.26 
Change, Breeding to d110 54.6 57.5 56.1 7.30 0.94 
Change, d110 to Wean -8.9y -17.3x -15.1xy 3.01 0.06 
Sow Backfat, mm      
    Breeding 18.7 18.1 18.7 0.78 0.77 
d 110 21.3 21.8 22.2 0.84 0.70 
     Wean 20.6 19.7 20.6 0.72 0.54 
    Change, Breeding to d110 3.0 3.9 3.9 0.63 0.34 
    Change, d110 to Wean -0.6 -2.2 -2.0 0.71 0.14 
Feed intake, kg/d      
 Lactation 7.1 7.0 6.9 0.37 0.85 
Litter, average      
Born Alive 14.2 13.2 12.7 0.62 0.17 
Stillborn 1.8 1.8 1.5 0.41 0.74 
Mummies 0.5 0.8 1.2 0.37 0.31 
Weaned 11.8 11.4 11.0 0.40 0.35 
Piglets, number      
   Born alive 298 254 280   
Stillborn 31 24 23   
Mummies. 11 13 27   
Weaned 245 193 242   
Pulled Off and Lived 16 6 7   
Dead, all 37 27 31   
Dead, research 12 11 12   
% removed 17.8 13.0 13.6   
Piglet BW, kg      
   Birth 1.34ab 1.42a 1.32b 0.02 0.0001 
d7 of age 2.52b 2.82a 2.57ab 0.06 <0.0001 
Wean 5.69b 6.31a 5.90ab 0.10 <0.0001 
1Sows assigned to CON received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 
(PF1), 1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME from d 90-110 of gestation; 
Phase Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 
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2+, respectively and 2.11 g SID Lys/Mcal ME from d90-110 During lactation, all sows received a common 






Table 2.7 Post-weaning performance of first gestation/lactation offspring1  
 Sow Treatment   
Items CON PF1 PF2 SEM P-value 
Body weight, kg      
D0 5.69b 6.31a 5.90ab 0.10 <0.0001 
D7 6.43 6.96 6.60 0.28 0.35 
D35 17.6 18.2 18.1 0.81 0.78 
D63 37.1 39.4 38.9 1.68 0.46 
D91 59.6 64.9 64.6 2.61 0.18 
D118 87.5y 95.6x 96.5x 3.62 0.10 
Adjusted D1302 110.7b 113.3a 114.4a 1.17 0.02 
Daily gain, kg      
D0-7 0.10 0.11 0.11 0.01 0.70 
D8-35 0.41 0.40 0.41 0.02 0.84 
D36-63 0.85 0.94 0.93 0.04 0.19 
D64-91 0.84 0.90 0.88 0.03 0.27 
D92-1183 1.02y 1.07 1.13x 0.04 0.06 
Daily feed intake, kg      
D0-7 0.14 0.14 0.15 0.008 0.57 
D8-35 0.62 0.64 0.60 0.07 0.88 
D36-63 1.32 1.32 1.26 0.07 0.66 
D64-91 2.64 2.68 2.55 0.11 0.48 
D92-118 3.20 3.12 3.26 0.12 0.55 
Gain:Feed      
D0-7 0.88 0.92 0.91 0.08 0.81 
D8-D35 0.68 0.67 0.70 0.04 0.73 
D36-63 0.54 0.55 0.55 0.03 0.98 
D64-91 0.33 0.34 0.35 0.02 0.34 
D92-118 0.33 0.35 0.34 0.02 0.60 
Market4      
Days on feed 142.7a 138.2b 140.4ab 2.45 0.002 
Body weight, kg 123.1ab 121.8b 125.5a 0.93 0.009 
1 Sows on CON diet received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 (PF1), 
1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME from d 90-110 of gestation; Phase 
Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 2+, 
respectively and 2.11 g SID Lys/Mcal ME from d90-110. 
2Adjusted d130 weight calculated to account for any marketing bias. 
3All pigs were weighed for the last time on d118 before marketing occurred.  After marketing began, 
measures of ADG, ADFI, and G:F were not monitored. 








































Table 2.8 Performance of sows during second gestation/lactation cycle1
 
 Sow Treatment   
Items CON PF1 PF2 SEM P-value 
Sow per treatment 16 11 16   
Parity      
No. P2 6 5 6   
No. P3 2 3 3   
No. P4 0 0 0   
No. P5 1 1 1   
No. P6 3 1 3   
No. P7 4 1 3   
Sow BW, kg      
Weaning cycle 1 234.4xy 219.0y 244.1x 9.37 0.08 
d 110 268.5ab 251.7b 271.0a 5.20 0.01 
Weaning cycle 2 256.4a 233.6b 250.1ab 5.86 0.02 
Change, Weaning to d110 35.7 35.6 29.0 7.41 0.61 
Change, d110 to Wean -12.6y -21.5x -21.9x 4.37 0.08 
Sow Backfat, mm      
    Weaning cycle 1 20.7 19.9 20.5 0.80 0.72 
d 110 22.2 21.5 21.6 0.87 0.80 
     Weaning cycle 2 20.2 18.6 20.0 0.95 0.40 
    Change, Weaning to d110 1.35 1.53 0.95 0.58 0.69 
    Change, d110 to Wean -1.94 -2.85 -1.63 0.69 0.41 
Feed intake, kg/d      
 Lactation 7.24 6.97 6.86 0.40 0.82 
Litter, average      
Born Alive 14.6 14.0 15.4 0.91 0.53 
Stillborn 2.21 1.10 1.43 0.47 0.12 
Mummies 0.75 0.46 1.06 0.32 0.40 
Weaned 11.6 11.8 12.0 0.43 0.79 
Piglets, number      
   Born alive 234 152 246   
Stillborn 34 14 20   
Mummies. 12 6 17   
Weaned 186 153 192   
Pulled Off and Lived 11 7 25   
Dead, all 37 20 29   
Dead, research 7 7 8   
% removed 20.5 17.8 22.0   
Piglet BW, kg      
   Birth 1.28b 1.44a 1.28b 0.03 <0.0001 
d7 of age 2.29y 2.53x 2.39xy 0.10 0.07 
Wean 5.62b 6.09a 5.84ab 0.16 0.01 
1Sows assigned to CON received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 
(PF1), 1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME from d 90-110 of gestation; 
Phase Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 
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2+, respectively and 2.11 g SID Lys/Mcal ME from d90-110 During lactation, all sows received a common 




Table 2.9 Post-weaning performance of second gestation/lactation offspring1 
 Sow Treatment   
Items CON PF1 PF2 SEM P-value 
Body weight, kg      
Weaning 5.62b 6.09a 5.84ab 0.16 0.01 
D7 6.55 6.76 6.94 0.26 0.47 
D35 17.7 17.8 18.9 0.70 0.39 
D63 38.1 38.2 39.2 1.33 0.79 
D91 65.8 65.6 66.0 1.63 0.98 
D118 96.3 95.0 97.3 1.81 0.59 
Adj D1302 110.0 110.4 109.9 1.17 0.95 
Daily gain, kg      
   Weaning-d7 0.13 0.14 0.16 0.02 0.20 
D8-35 0.39 0.39 0.42 0.02 0.32 
D36-63 0.70 0.71 0.70 0.03 0.89 
D64-91 0.93 0.95 0.95 0.02 0.71 
D92-1183 1.09 1.04 1.15 0.05 0.18 
Daily feed intake, kg      
   Weaning-d7 0.12 0.12 0.13 0.004 0.41 
D8-35 0.51xy 0.47x 0.56y 0.03 0.06 
D36-63 1.28 1.33 1.23 0.05 0.39 
D64-91 2.34 2.26 2.34 0.08 0.59 
D92-118 3.06 2.94 3.01 0.08 0.56 
Gain:Feed      
   Weaning-d7 1.24 1.18 1.24 0.04 0.50 
D8-D35 0.80 0.80 0.77 0.02 0.22 
D36-63 0.53 0.52 0.54 0.02 0.63 
D64-91 0.38 0.39 0.40 0.02 0.50 
D92-118 0.33 0.33 0.37 0.03 0.28 
Market4      
   Body weight, kg 126.9 126.5 126.0 1.01 0.75 
Days on feed 145.0 146.1 145.8 0.93 0.57 
1 Sows on CON diet received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 (PF1), 
1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME from d 90-110 of gestation; Phase 
Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 2+, 
respectively and 2.11 g SID Lys/Mcal ME from d90-110. 
2Adjusted d130 weight calculated to account for any marketing bias 
3All pigs were weighed for the last time on d118 before marketing occurred.  After marketing began, 
measures of ADG, ADFI, and G:F were not monitored. 






Table 2.10 Performance of second gestation/lactation offspring block 3 utilized for grow-finish 
trial1 
 Sow Treatment   
Items CON PF1 PF2 SEM P-value 
Body weight, kg      
D49 31.6y 34.0x 34.0x 2.60 0.08 
D70 50.9 53.3 53.4 3.58 0.25 
D89 70.4y 73.9xy 75.0x 4.27 0.06 
D105 87.1y 91.9xy 92.4x 5.02 0.07 
D123 107.3y 112.8xy 113.8x 6.21 0.09 
Market, D1472 125.7 131.3 131.0 2.44 0.16 
Daily gain, kg      
D49-70 0.89 0.89 0.89 0.05 0.99 
D71-89 1.10y 1.17x 1.18x 0.08 0.08 
D90-105 1.11 1.15 1.14 0.04 0.80 
D106-123 1.07 1.12 1.14 0.06 0.20 
D124-1473 0.87 0.87 0.83 0.08 0.31 
Daily feed intake, kg      
D49-70 1.76 1.91 1.82 0.17 0.21 
D71-89 2.72 2.89 2.86 0.21 0.23 
D90-105 2.82 2.96 2.93 0.09 0.51 
D106-123 3.20 3.37 3.34 0.10 0.38 
D124-147 3.50 3.57 3.64 0.11 0.33 
Gain:Feed      
D49-70 0.56a 0.50b 0.53ab 0.01 0.01 
D71-89 0.41 0.41 0.42 0.008 0.69 
D90-105 0.36 0.35 0.35 0.02 0.81 
D106-123 0.32 0.33 0.33 0.006 0.42 
D124-147 0.27a 0.27a 0.25b 0.02 0.04 
1 Sows on CON diet received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 (PF1), 
1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME from d 90-110 of gestation; Phase 
Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 2+, 
respectively and 2.11 g SID Lys/Mcal ME from d90-110. 
2All animals were weighed at a final day just before marketing 
3All pigs were weighed for the last time on d147 before marketing occurred.  After marketing began, 
















Table 2.11 Performance of second gestation/lactation offspring block 3 lightweights not utilized 
in grow-finish trial1 
 Sow Treatment   
Items CON PF1 PF2 SEM P-value 
Body weight, kg      
D49 19.1 19.9 19.3 2.52 0.93 
D63 32.1 32.3 31.6 1.56 0.94 
D91 54.4 57.4 54.5 2.49 0.61 
D118 81.2 85.2 82.5 3.16 0.72 
D1472 116.2 120.4 118.2 3.75 0.69 
Daily gain, kg      
D49-63 0.63 0.65 0.62 0.03 0.68 
D64-91 0.86 0.89 0.88 0.03 0.68 
D92-118 1.02 1.03 1.04 0.03 0.95 
D119-1473 1.18 1.21 1.23 0.05 0.66 
Daily feed intake, kg      
D49-63 2.20 2.09 2.00 0.16 0.64 
D64-91 2.60 2.66 2.56 0.15 0.89 
D92-118 2.81 2.86 2.96 0.15 0.71 
D119-147 3.61 3.65 3.79 0.19 0.68 
Gain:Feed      
D49-63 0.30 0.33 0.32 0.03 0.48 
D64-91 0.36 0.37 0.36 0.03 0.98 
D92-118 0.33 0.35 0.35 0.02 0.34 
D119-147 0.34 0.38 0.36 0.03 0.52 
1 Sows on CON diet received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 (PF1), 
1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME from d 90-110 of gestation; Phase 
Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 2+, 
respectively and 2.11 g SID Lys/Mcal ME from d90-110. 
2All animals were weighed at a final day just before marketing which occurred in 2 shipmeants 
3All pigs were weighed for the last time on d147 before marketing occurred.  After marketing began, 
measures of ADG, ADFI, and G:F were not monitored 
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Chi-squared = 0.0018 
Chi-squared = 0.7381 
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Table 2.12 Performance of offspring by maternal dietary treatment and sow parity in the first and second gestation/lactation cycle1 
Item 
Dietary treatment   Gestation/lactation cycle 
SEM 
P-value 
CON PF1 PF2 
  







Gilts2    
 
   
    
Live born 14.1 14.7 14.5  14.3 14.5 0.768 0.852 0.890 0.348 
Birth BW, kg 1.39 1.35 1.38  1.26 1.49 0.045 0.846 0.017 0.979 
Wean BW, kg 5.37b 6.10a 6.19a  5.80 5.97 0.210 0.012 0.643 0.273 
ADG birth to 
wean, kg 
0.208b 0.241a 0.243a  0.228 0.234 0.009 0.021 0.711 0.484 
Adj d130 BW, kg 114 114 114  115 114 0.995 0.999 0.630 0.580 
           
Multiparous           
Live born 16.2 14.6 15.0  14.8 15.7 0.839 0.199 0.777 0.791 
Birth BW. kg 1.30b 1.50a 1.31b  1.38 1.36 0.029 0.001 0.677 0.571 
Wean BW, kg 6.02b 6.70a 5.98b  5.45 7.02 0.167 0.001 0.020 0.924 
ADG birth to 
wean, kg 
0.223b 0.247a 0.222b  0.189 0.273 0.007 0.009 0.004 0.904 
Adj d130 BW, kg 116y 119x 119x  117 119 0.783 0.090 0.264 0.253 
           
Overall data            
Live born 14.8 14.0 14.3  14.2 14.5 0.525 0.606 0.806 0.393 
Birth BW. kg 1.33b 1.45a 1.32b  1.35 1.39 0.033 0.009 0.479 0.488 
Wean BW, kg 5.80b 6.41a 5.98b  5.98 6.14 0.171 0.004 0.479 0.462 
ADG birth to 
wean, kg 
0.220b 0.241a 0.226ab  0.224 0.234 0.007 0.028 0.284 0.600 
Adj d130 BW, kg3 114 115 115  115 115 0.637 0.204 0.579 0.097 
1 Sows on CON diet received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 (PF1), 1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID 
Lys/Mcal ME from d 90-110 of gestation; Phase Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 2+, 
respectively and 2.11 g SID Lys/Mcal ME from d90-110.  
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2In the first gestation/lactation cycle, parity comparison represented gilts vs p1+. In the second gestation/lactation cycle, parity comparison represented p1 vs p2+ 
such that p1 females in the second cycle were gilts in the first cycle. 
3Tendency for the interaction Dietary treatments x Cycle: Pigs from sows PF1 and PF2 demonstrated a tendency for greater Adj d130 BW in cycle 2 in 




3.0 IMPACT OF ALTERING LYS:ENERGY DURING GESTATION ON 
BIOLOGICAL MARKERS OF SOW NUTRIENT UTILIZATION, PIGLET 
ROBUSTNESS, AND PERFORMANCE POTENTIAL 
 
3.1 Abstract 
 To evaluate sow Lys utilization during gestation and the effects on offspring 
robustness and performance potential, 63 sows were allotted to 3 dietary treatments with 
differing Lys:energy ratios for 2 consecutive reproductive cycles; sows assigned to CON 
feeding regimen received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase 
Feeding 1 (PF1), 1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME 
from d 90-110 of gestation; Phase Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal 
ME from d2-89 for gilts, parity 1, and parity 2+, respectively and 2.11 g SID Lys/Mcal 
ME from d90-110.  Sow serum concentrations of PUN were determined at d30 and d110 
of gestation.  At farrowing, colostrum samples were collected and analyzed for 
immunocrit values and total nutrient composition.  Measures of piglet robustness and 
production potential included cord blood cortisol, liver and muscle glycogen content at 
birth, jejunal IAP activity, ileal villi morphology, piglet serum immunocrit at d2 of age, 
and serum PCV2 levels at weaning and d25 post-wean in offspring. 
No differences were detected in sow serum PUN concentration or colostrum 
immunocrit value.  Colostral fat content was greater (P = 0.02) for PF2 sows compared to 
both PF1 and CON during the first lactation on trial.  Biological samples collected from 
offspring during both gestation/lactation cycles also resulted in minimal detectable 
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differences.  Piglets born to sows receiving PF2 gestation diet tended to have greater (P = 
0.08) muscle glycogen concentrations during the first reproductive cycle compared to 
offspring of both other treatments.  During the second reproductive cycle, offspring born 
in the first half of the birth order tended (P = 0.08) to have greater serum immunocrit 
values than piglets born in the second half.  Overall, the lack of detectable differences 
would indicate similar levels of Lys utilization during gestation by sows and robustness 
of piglets across treatments. 
 







 Meeting AA requirements throughout gestation is critical for both the sow and her 
offspring. Ever increasing demands placed on commercial sows could have a negative 
impact on their offspring.  The desire for more pigs/sow/year has led to larger litter sizes, 
however standard feeding practices have not been adjusted to meet increased demands by 
both sows and their offspring throughout gestation.  If requirements are not adequately 
met, piglet survivability and productivity could be negatively influenced.  When litter 
size increases, blood flow to the uterus does as well, however not to the same extent (Père 
and Etienne, 2000).  This coupled with nutrient deficiencies in gestation diets, 
particularly AA in late gestation, can lead to piglets with decreased birth weights and 
diminished growth potential due to the impact on tissue development. 
 Intake of AA during gestation may influence biological markers of nutrient 
utilization in sows as well as future productivity and robustness of offspring.  
Development of vital tissues in the fetus such as intestines and muscle can be influenced 
by the dam’s nutrition (Bee, 2004, Mickiewicz et al., 2012). These tissues and serum 
cortisol, IAP, and glycogen can all be used as indicators of piglet robustness.  In sows, 
analysis of PUN can used to determined nitrogen use in order to determine AA 
requirements throughout gestation (Coma et al., 1996, Soltwedel et al., 2006).  Intake 
levels of AA and energy may also influence nutrient composition of colostrum and milk 
which typically serve as the sole source of nutrients for many piglets during the suckling 
phase (Elliott et al., 1971).   
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 Piglets rely heavily on glycogen stored in liver and muscle tissue during gestation 
as a source of energy immediately after birth (Vanden Hole et al., 2019).  If nutrient 
transfer between the sow and fetuses is restricted during the time of glycogen deposition, 
so too may be the offspring’s survivability and productivity.  Along with this, 
development of muscle fibers may be impacted by dam’s nutrition, altering fiber type 
(Bee, 2004).  The combination of fiber type and glycogen concentration could impact the 
piglet’s ability to perform functions necessary for survival such as nurse and maintain 
body temperature (Bee, 2004).  If unable to obtain colostrum, levels of IAP could 
decrease as enzymatic activity of the GI tract seems to be influenced by the ingestion of 
colostrum (Xu, 1996).  With limited IAP activity, inflammation would increase leading to 
damaged intestinal tissue.  Intestinal tissue integrity including villus height and crypt 
depth may indicate the ability for nutrient absorption and digestion (Seyyedin and 
Nazem, 2017). 
 Sow colostrum and milk also play a major role in piglet growth and development.  
Gestation diets, specifically AA levels, have an impact on mammary gland development 
and in-turn secretion (Farmer and Quesnel, 2009).  There have been reports of increased 
protein content in colostrum with increased AA levels during mid to late gestation 
(Zhang et al., 2011).  Milk production during the suckling phase has also been improved 
with increasing levels of dietary lysine (King, 2000).  With improvements in both 
colostrum and milk, piglets may show increased growth performance, leading to heavier 
wean weights.        
 The objective of this portion of the study was to determine the impact of altering 
Lys:energy during gestation on biological markers of performance in sows and their 
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offspring.  Although litter characteristics at birth were very similar across treatments, by 
market following both gestation/lactation cycles there were significant differences in 
parameters of offspring performance.  Therefore, it is suspected there may be some 
biological influence at play caused by gestation feeding regimen.  
3.3 Materials and Methods 
 
 This chapter is an extension of Ch 2 and describes biological measures of sow 
nutrient metabolism and offspring robustness during the suckling phase.  Details 
regarding female reproductive performance and subsequent offspring performance in 
response to gestation feeding regimen can be found in section 2.4. 
3.3.1 Lys:energy ratio in gestation diets on dam 
 Assessment of gestation nutrient metabolism by the dam was based on colostrum 
immunocrit value, proximate analysis of colostrum and milk, as well as PUN.  Blood 
samples were collected from each female at gestation d30 and 110 by jugular 
venipuncture into a blood collection tube containing K2 EDTA (BD Vacutainer, Fraklin 
Lakes, NJ) for PUN analysis.  Upon initiation of parturition, a 30 mL colostrum sample 
was collected and stored at -20°C until analysis.  At 15 ± 1d post-parturition a milk 
sample was collected; piglets were removed from the sow for 1 hour, followed by a 2 mL 
injection of oxytocin (VetOne, MWI Animal Health, Boise, ID).  Teats were each gently 
stripped into a sterile conical tube (Fiser Scientific, Pittsburgh, PA) for a volume totaling 
45 mL which was then stored at -20°C until later use.  
   
3.3.2 Offspring robustness during the suckling period 
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Immediately after birth, cord blood was gently stripped into a heparinized blood 
collection tube (BD Vacutainer, Franklin Lakes, NJ) from as many pigs as possible (≥ 6 
pigs/litter) for analysis of cortisol content.  Within treatments, 10 litters (n=60) balanced 
by sow parity were designated for euthanasia of 1 piglet each immediately after birth.  
However, due to our selection criteria 2 designated litters could be used as no piglets born 
fit within the parameters.  For consistency, a piglet between 6 – 12 in birth order 
weighing 1.2 – 1.5 kg was selected for euthanasia before suckling occurred; weight, sex, 
and pig ID were recorded.  Cervical dislocation was performed using a penetrating 
captive bolt gun.  Following euthanasia, piglets were placed in the supine position and a 
lateral incision was created adjacent to the midline from ribs to pelvis.  The entire small 
intestine was removed, the midpoint located, and a continuous 40 cm segment of jejunum 
was removed (20 cm on each side of the midpoint).  This portion was placed in a foil 
envelope and submerged in liquid nitrogen to be used for analysis of IAP. After 
measuring 2 cm from the cecum, the subsequent 2 cm segment of ileum was removed and 
placed in a 15 mL conical tube containing 5 mL of 10% buffered formalin solution for 
slide mounting and later histomorphological analysis.  Next, a small portion was removed 
from each of the 3 lobes of the liver, placed in a whirlpak bag, and immersed in liquid 
nitrogen to be analyzed for glycogen content.  Finally, the animal was placed on its left 
side, a lateral incision was made along the last rib from the spine to the bottom of the 
ribs, 2 cm cranial to the last rib another lateral incision was created, the skin was 
removed, and the muscle tissue was removed, weighed, placed in a whirlpak bag, and 




3.3.3 Sample handling and analysis 
 Sow blood samples were placed on ice until centrifuged while piglet blood 
samples and cord blood were left at room temperature and allowed to clot before being 
centrifuged at 2,500 rpm for 15 min at 22°C.  Serum was removed by pipetting and 
stored in microcentrifuge tubes at -80°C until further analysis. 
Blood samples taken during gestation were analyzed for PUN using 
spectrophotometric techniques (Preston, 1985).  Briefly, 20 μL of sample was dispensed 
into a test tube followed by addition of 400 μL buffered urease solution and placed in a 
37°C water bath for 15 minutes.  Next, 4 mL of phenol color reagent was added, followed 
immediately by 4 mL of alkaline hypochlorite reagent and mixed.  Tubes were placed 
back into the water bath for another 15 minutes after which absorbency was read at 625 
nm.    
Colostrum immunocrit value was measured using the method described by Vallet 
et al. 2017.  Samples were diluted 1:1 with a solution of 10% bovine serum albumin in 
0.9% saline.  Diluted samples were combined at a 1:1 ratio with a 40% ammonium 
sulfate solution and loaded into microhematocrit capillary tubes (Fisher Scientific, 
Pittsburg, PA).  After centrifuging (MX12 PCV Cenrifuge, LW Scientific, Lawrenceville, 
GA) at 12,000 g for 10 min immunocrit value was determined as the ratio of precipitate 
length and diluted colostrum length.  This value was doubled to account for previous 
dilution. 
 Cord blood samples were pooled by litter at an inclusion rate of 50μL from each 
sample collected.  These pooled samples were then analyzed in duplicate by 
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radioimmunoassay (RIA) for cortisol content using the commercially available 
ImmuChem Coated Tube Cortisol kit (MP, Biomedicals, Solon, OH) according to the 
manufacturer’s instructions.   Briefly, 25 μL of sample were added to an anti-cortisol 
tube, 1.0 mL of Cortisol125I was added, and then vortexed.  Next, tubes were incubated 
for 45 minutes in a water bath at 37 ± 1°C.  Finally, tubes were decanted and counted 
using a gamma counter calibrated for 125I.  Assay sensitivity was 0.04 mg/dL and inter 
and intra-assay CV were 7.5% and 11.6%, respectively.  Serum inhibition curves ranged 
from 10 to 25 mL and were parallel to the standard curve.  Recovery of 3, 10, and 30 mg 
of cortisol added to serum was 87.3% 
 Day 2 piglet serum was analyzed for immunocrit value, an indirect measure of 
colostrum intake, using the procedure described by Morton et al. (2018).  In a 
microcentrifuge tube, 50 μL of serum was combined with 50 μL of ammonium sulfate 
solution.  This sample was then drawn into a hematocrit centrifuge tube and spun at 
12,000 x g for 10 min.  The ratio of precipitate length to serum length was used to 
calculate final immunocrit value. 
 Piglet ileum histology was analyzed using slides prepared by the Animal Disease 
Research and Diagnostic Laboratory (SDSU, Brookings, SD).  Tissues were stained with 
hematoxylin and eosin.  Measurements were taken from ≥ 15 undamaged villus and crypt 
pairs around the intestinal lining for an overall sample average using a microscope 
camera (Meiji Techno America, San Jose, CA). 
IAP was analyzed according to Lackeyram (2010) and Fan (2011).  Intestinal 
tissue samples weighing 1.0 to 1.3 g were homogenized in 20 mL of homogenate buffer 
for 3 min with 20 sec pauses on ice between each minute.  Sample tissue homogenate 
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was then stored at -80°C until further analysis.  Protein concentration of tissue 
homogenate was determined by Bradford Assay.  Briefly, 5 µL of each standard and 
sample were added in triplicate to a 96 well plate followed by the addition of 250 µL of 
Bradford Reagent (Sigma).  After a 10-minute incubation period, plates were read at 595 
nm.  Homogenate samples were then diluted to 1.0 mg protein/mL with ddH2O.  In glass 
test tubes on ice, 80 µL of diluted samples were added along with 920 µL of each P-
Nitrophenyl phosphate substrate (PNP) working solution.  After samples were vortexed, 
they stood in a water bath (Versa Bath, Fisher Scientific, Pittsburg, PA) at 37°C for 20 
min.  To stop the reaction 1 mL of 0.50 M NaOH was added to each tube and mixed.  
Tubes were centrifuged for 10 min at 2800 rpm and 20°C to precipitate proteins.  In a 96 
well plate, 200 µL of each standard (triplicates) and sample (duplicates) were added.  
Absorbance was read at 400 nm and final IAP activity was calculated at 1 nmol p-
nitrophenol/mg protein.  To best determine a single substrate for use, all 6 were prepared 
and utilized to create a curve.  The substrate chosen (1.92 mM P-nitrophenyl phosphate) 
lay along this curve in the portion before the plateau which was indicative of the best 
match for the provided sample set.  
Glycogen content of piglet liver and muscle was quantified by using a 
commercially available kit (EnzyChrom Glycogen Assay Kit, BioAssay Systems, 
Hayward, CA).  Tissue was homogenized using a bead beater containing homogenate 
buffer (25 mM citrate, pH 4.2, 2.5 g/L NaF) for 30 sec bursts 3 times, with 1 min rest on 
ice between each.  Samples were centrifuged for 5 min at 14,000 x g after which the 
supernatant was removed.  Standards solutions for a standard curve were created using 
the dilution technique and dH20 of the standard concentrate provided in the kit.  Samples 
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were diluted with dH2O at a 1:100 ratio.  A working reagent was created by combining 
8.64 mL Assay Buffer, 96 µL Enzyme A, 96 µL Enzyme B, and 96 µL Dye Reagent.   
Using a 96 well plate, 10 µL of each sample and standard were added in duplicates 
followed by the addition of 90 µL of working reagent.  Plates were incubated at room 
temperature for 30 min then absorbency was read at 570 nm.  Final glycogen content was 
calculated by subtracting the value of the blank from the sample and dividing by the 
slope.  
3.3.4 Statistical analysis 
Using the PROC MIXED procedure of SAS (Version 9.4, SAS Inst. Inc., Cary, 
NC) all statistical analyses were performed.  Sow was used as the experimental unit, with 
sow treatment as main effect, and random effect was group.  Where a significant main 
effect of model was detected, pairwise differences were tested using Scheffe’s adjustment 
with significance reported as P < 0.05 and tendency as 0.10 < P < 0.05.   
 
3.4 Results and Discussion 
3.4.1 Markers of maternal nutrient utilization during gestation 
During both gestations on trial, there were no differences detected between 
treatments for PUN values at D30 or D110 (Table 3.1).  There were also no differences 
detected in the change between D30 and D110 for both gestations. PUN values can be 
used to assess protein degradation as urea nitrogen is an end-product of AA catabolism 
(Dunshea, 2002).  According to previous studies, when crude protein (CP) is provided in 
excess there is likely to be a spike in PUN levels.  This is due to the pigs’ limited ability 
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to store excess AA.  Therefore, they are utilized for energy and fat deposition while the 
remaining nitrogen is converted to the waste product urea (Fischer et al., 2001).  From d2 
to d89 of gestation average daily CP intake by dietary treatment was as follows; 0.30 kg 
for CON and PF1 sows and 0.27, 0.25, and 0.23 kg for gilts, parity 1, and parity 2+ sows 
respectively.  From d90 to d110 CON sows averaged 0.30 kg and both PF1 and PF2 
averaged 0.37 kg of dietary CP each day.  The lack of significant differences detected in 
PUN values at D110 indicate the additional AA provided during late gestation were 
utilized and not excreted as waste products.  This demonstrates the increased AA 
requirements in late gestation as previously described by Samuel et al. (2012), Navales 
(2018), and Ramirez (2019).    
No differences were detected in colostrum immunocrit levels between treatments 
following either gestation.  Colostrum immunocrit values are highly correlated to 
colostral IgG concentrations (Vallet and Miles, 2017).  Therefore, it can be concluded 
that there were no detectable differences in IgG contents of colostrum samples across 
treatments for either reproductive cycle.  Ig’s are important to the neonatal pig as they 
help establish passive immunity to aid in the defense against pathogens (Rooke and 
Bland, 2002).  According to the results from the current study, piglet access to Ig’s did 
not differ among treatments.  
Minimal detectable differences were found in the analysis of colostrum samples.  
Following the first gestation on test, colostrum samples from PF2 females had 
significantly greater fat contents than CON females (P = 0.02).  At this same time, there 
was a tendency for samples from PF2 females to contain more total solids than samples 
from CON sows (P = 0.09).  There were no differences detected for protein, lactose, 
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solids not from fat (SnF), or freezing point depression (FPD) during either lactation.  
Milk samples could not be analyzed as they curdled and were not salvageable.  Fat 
content in colostrum has been reported to be highly variable although it is the most easily 
altered component of colostrum (Hurley, 2015).  Fat content is significantly affected by 
colostrum yield where increased yields are associated with decreased fat content (Foisnet 
et al., 2010).  In the present study, colostrum yields were not accounted for, however the 
elevated fat content may have positively influenced growth performance of PF2 offspring 
during the suckling phase.  PF2 and CON offspring BW did not differ at birth.  By 
weaning, PF2 pigs were statistically the same as PF1 offspring and weighed on average 
0.20 kg more than CON pigs.  This improved growth performance may be linked to the 
additional fat content ingested by PF2 offspring.  Due to the increase in AA:energy ratio 
during late gestation for both PF1 and PF2, we hypothesized protein levels in the 
colostrum would be higher than CON sows.  This is because in the days shortly before 
farrowing, colostrum begins to collect in the mammary glands (Elliot et al., 1971; Yang 
et al., 2009).  If higher levels of protein are being supplied at this time, it could impact 
colostrum protein content.  However, during both lactation cycles there were no 
differences detected for this parameter.  Colostral and milk protein content is often not 
impacted by gestation feeding regimen (Elliot, 1971).  Total protein concentration 
reported during the current study aligns with previous reports and has been reported as 
highest until 4 hr post-parturition (Perrin, 1955; Jackson et al., 1995; Kim and Mahan, 
2001; Devillers et al., 2004; Foisnet et al., 2010; Krogh et al, 2012).  Immunoglobulins 
are the primary protein component of colostrum, particularly IgG, hence total protein 
concentrations decrease with time as IgG levels decline (Jackson et al., 1995; Quesnel et 
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al., 2008; Foisnet et al., 2010).  The lack of differences in colostral protein align with the 
lack of differences detected in colostrum immunocrit.  
 
3.4.2 Markers of piglet robustness and production potential  
Cord blood cortisol levels can be used as a potential indicator of piglet robustness 
and survivability.  Correlations between high cord cortisol levels and piglet survival have 
been reported (Leenhouwers et al., 2002).  The lack of differences (Table 3.2) noted in 
the present study suggest that gestation feeding regimen had no detectable impact on this 
parameter.  Based on the increased AA:energy ratio during late gestation in both PF1 and 
PF2 diets, it was hypothesized that piglet liver and muscle glycogen levels would also 
increase.   Piglets euthanized following the first gestation on trial did not have different 
concentrations of glycogen in liver samples.  However, there was a tendency for PF2 
offspring to have greater glycogen concentrations in muscle compared to both PF1 and 
CON (Table 3.2).  This could be linked to the numerical differences noted in piglets born 
alive during the first reproductive cycle.  PF2 pigs had the fewest number of piglets born 
alive.  Though not statistically significant, this could have impacted nutrient dispersion in 
utero, leading to a tendency for greater muscle glycogen concentration in PF2 compared 
to Con and PF1 offspring.  According to Vanden Hole et al. (2019) intra-uterine 
crowding caused by large litter sizes has been linked to decreased fetal glycogen 
concentrations in liver and muscles of the hind leg.  Following a second gestation on trial, 
there were no differences detected in either liver or muscle for offspring of the three 
treatments (Table 3.2).  Though numerical differences exist, there was no statistical 
difference detected for IAP values from offspring born after either gestation on trial.  
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Villus height and crypt depth of histology samples were not different among treatments.  
Differences were not detected during the suckling phase or post-wean period for markers 
of PCV2 circulating antibodies between offspring of the varying gestation treatments.  As 
previously mentioned, there were no differences detected in colostrum immunocrit levels 
which are indicative of IgG concentrations.  All piglets were vaccinated for PCV2 at d3 
of age and again the day before weaning.  Lack of differences in IgG levels along with a 
well-executed vaccination program could explain why no differences were detected for 
circulating antibodies.  Establishment of both passive and active immunity may minimize 
clinical symptoms of PCV2 when present in a herd (Opriessnig et al. 2008, 2010).  Large 
variation in sample results may also contribute to the lack of detectable differences 
(suckling SEM = 416.37, post-wean SEM = 194.39) seen at both timepoints (Table 3.2). 
 Piglet serum immunocrit values did not differ between treatments during either 
gestation/lactation cycle (Table 3.3).  Serum immunocrit values are used as an indirect 
measure of colostrum ingestion and can indicate potential growth performance (Vallet et 
al., 2015 and Morton et al., 2019).  When determining the effects of birth order on serum 
immunocrit there were no differences detected during the first lactation between first and 
second half of the birth order.  However, during the second lactation, piglets born in the 
first half of the birth order tended to have greater (P = 0.08) serum immunocrit values.  
Serum immunocrit values from the current study were slightly higher than those reported 
in Morton et al. (2019), however, the effect of birth order was similar between studies.  
Therefore, according to the current study, there may be potential for piglets born in the 
first half of the birth order to display improved growth performance compared to 
littermates born in the second half.       
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Tables 3.4 through 3.6 were utilized to analyze the interaction of sow parity and 
dietary treatment on biological markers of both the dam and her offspring.  There were no 
significant interactions between these variables for any biological sample taken.  Fat 
content was greater in colostrum samples collected from gilts compared to multiparous 
sows (P = 0.02) with PF2 having the highest values overall (Table 3.6).  This may help to 
account for the improved growth performance of PF2 litters compared to CON during the 
suckling period.  Colostrum immunocrit and D30 PUN values were both greater (P < 
0.02) for multiparous females compared to gilts (Table 3.4). 
 
3.5 Conclusion 
 Minimal differences were detected amongst biological markers of sow nutrient 
utilization and piglet robustness.  Increases in PF2 colostral fat content and muscle 
glycogen during the first reproductive cycle demonstrate the potential for phase-feeding 
to provide benefits to offspring.  Phase-feeding during gestation had minimal impact, 
however these slight alterations may have improved piglet post-wean performance 




Table 3.1 Markers of gestation nutrient utilization by sows during 2 consecutive reproductive 
cycles1 
 Sow Treatment   
Items CON PF1 PF2 SEM P-value 
PUN, mg/dL      
Cycle 1 D30 4.94 4.65 5.05 0.52 0.77 
Cycle 1 D110 3.63 3.80 3.67 0.24 0.83 
Cycle 2 D30 5.15 4.82 5.14 0.36 0.68 
Cycle 2 D110 3.65 3.94 3.98 0.25 0.48 
Colostrum immunocrit, %       
   Cycle 1  0.46 0.44 0.43 0.02 0.52 
   Cycle 2 0.44 0.42 0.45 0.02 0.50 
Colostrum, cycle 1, %  
     
   Fat 1.70b 1.73b 2.05a 0.11 0.02 
   Protein 5.90 6.03 6.25 0.22 0.51 
Lactose 0.88 0.85 0.85 0.04 0.82 
   Total solids 10.26y 10.43xy 10.99x 0.26 0.09 
   Solids not from fat  8.30 8.43 8.62 0.19 0.45 
Colostrum, cycle 2, % 
     
   Fat 1.66 1.74 1.65 0.15 0.85 
Protein 6.49 6.44 6.31 0.34 0.86 
Lactose 0.89 0.88 0.88 0.06 0.98 
Total solids 10.92 10.99 10.72 0.39 0.77 
Solids not from fat 8.84 8.80 8.68 0.32 0.85 
1 Sows on CON diet received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 (PF1), 
1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME from d 90-110 of gestation; Phase 
Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 2+, 





Table 3.2 Markers of piglet robustness and production potential from sows fed differing 
Lys:energy ratios during 2 consecutive reproductive cycles1 
 Sow Treatment   
Items CON PF1 PF2 SEM P-value 
Cord blood cortisol, μg/dL       
   Cycle 1  113 96.5 95.9 9.66 0.31 
   Cycle 2  147 144 126 22.4 0.66 
Glycogen, μg/mg      
   Cycle 1 liver 87.8 88.5 75.8 8.53 0.37 
Cycle 2 liver 105 99.9 96.4 7.00 0.66 
Cycle 1 muscle 65.6y 69.0y 83.7x 7.93 0.08 
Cycle 2 muscle 72.7 81.8 76.5 6.59 0.61 
IAP, nmol/ mL      
Cycle 1  326 270 294 27.3 0.29 
Cycle 2  363 324 340 26.3 0.52 
Histology, μm      
Cycle 1 villus height 477 493 460 28.2 0.59 
Cycle 1 crypt depth 101 101 104 4.46 0.73 
Cycle 2 villus height 447 413 402 33.5 0.61 
Cycle 2 crypt depth 99.9 98.3 97.1 6.79 0.95 
PCV2 titers      
Suckling  976 808 856 416 0.93 
Post-wean 471 500 382 194 0.85 
1 Sows on CON diet received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 (PF1), 
1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME from d 90-110 of gestation; Phase 
Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 2+, 





Table 3.3 Day 2 piglet immunocrit values by sow treatment and by birth order1 
 
1 Sows on CON diet received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 (PF1), 
1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID Lys/Mcal ME from d 90-110 of gestation; Phase 
Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 2+, 








 CON  PF1 PF2 SEM P-value 
Cycle 1 0.169 0.172 0.184 0.015 0.70 
Cycle 2 0.158 0.160 0.134 0.014 0.23 
 1st Half 2nd Half SEM P-value 
Cycle 1 0.183 0.167 0.011 0.28 
Cycle 2 0.161x 0.143y 0.008 0.08 
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Table 3.4 Markers of gestation nutrient utilization and lactation performance by dietary treatment1 and parity across two reproductive 
cycles 
Item 
Sow treatment   Parity2 
SEM 
P-value 
CON PF1 PF2  Gilts/P1 Multiparous Sow treatment Parity 
Treatment 
x Parity 
PUN, mg/dL    
 
       
D30 5.34 5.18 4.94  4.85b 5.46a 0.17 0.29 0.02 0.14 
D110 3.71 3.94 3.73  3.64 3.95 0.24 0.51 0.18 0.70 
Colostrum immunocrit, 
% 0.44 0.43 0.42 
 
0.40b 0.46a 0.05 
0.64 0.01 0.51 
Colostrum analysis, %    
 
   
   
Fat 1.70 1.72 1.89  2.03a 1.51b 0.07 0.14 <0.0001 0.42 
Protein 6.19 6.20 6.32  6.02 6.45 0.30 0.85 0.14 0.95 
Lactose 0.90 0.88 0.89  0.89 0.89 0.07 0.92 0.89 0.84 
Total solids 10.6 10.6 10.9  10.8 10.6 0.27 0.44 0.73 0.87 
Solids not from fat 8.58 8.59 8.70   8.83x 8.42y 0.23 0.82 0.09 0.92 
1 Sows on CON diet received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 (PF1), 1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID 
Lys/Mcal ME from d 90-110 of gestation; Phase Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 2+, 
respectively and 2.11 g SID Lys/Mcal ME from d90-110. 2Parity analysis was completed across both reproductive cycles; Gilts/P1 indicate females who 
experienced their first reproductive cycle during this trial and were followed through a second parity, Multiparous indicates females had previously farrowed at 
least once prior to the start of this trial.
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Table 3.5 Markers of piglet robustness and production potential by maternal dietary treatment and parity1 
Item 
Sow treatment   Parity2 
SEM 
P-value 








Cord cortisol, μg/dL 121 121 115      110      128 11.2 0.81 0.12 0.82 
IAP, nmol/ mL 354 299 318     344
x      304y 20.6 0.14 0.10 0.84 
Villus height, μm 305 316 281  293      308 157 0.36 0.54 0.67 
Crypt depth, μm 264 251 257  251      264 159 0.79 0.55 0.74 
Muscle glycogen, μg/mg 67.0 66.0 76.6      66.1 73.7 5.38 0.30 0.22 0.28 
Liver glycogen, μg/mg 97.0 95.1 82.2       94.0 89.0 6.14 0.17 0.47 0.60 
Serum immunocrit, % 0.14 0.16 0.14   0.13b 0.16a 0.02 0.18 0.001 0.42 
1 Sows on CON diet received 1.50 g SID Lys/Mcal ME from d2-110 of gestation; Phase Feeding 1 (PF1), 1.50 g SID Lys/Mcal ME from d2-89 and 2.11 g SID 
Lys/Mcal ME from d 90-110 of gestation; Phase Feeding 2 (PF2), 1.25, 1.07, and 0.88g SID Lys/Mcal ME from d2-89 for gilts, parity 1, and parity 2+, 
respectively and 2.11 g SID Lys/Mcal ME from d90-110. 2Parity analysis was completed across both reproductive cycles; Gilts/P1 indicate females who 
experienced their first reproductive cycle during this trial and were followed through a second parity, Multiparous indicates females had previously farrowed at 




4.0 GENERAL DISCUSSION 
 
With a greater increase in AA requirements during late gestation as compared to 
energy, phase-feeding may allow for better accuracy in meeting nutritional demands of 
sows and gilts during gestation than current industry standards.  This experiment was 
conducted with the hypothesis that altering the Lys:energy ratio of gestation diets would 
result in decreased losses of excess nutrients during early and mid-gestation resulting in 
sows in good body condition able to minimize excess maternal tissue mobilization during 
late gestation. In-turn this would lead to more robust piglets with improved production 
potential.  The overall objective was to determine the effects of altering Lys:energy ratio 
during gestation on measures of sow productivity, piglet robustness, and piglet post-wean 
performance. 
 Across previous research, correlations have been reported between maternal BW 
loss and piglet growth performance during lactation (Rojkittikhun et al. 1993; Valros et 
al, 2003).  In the present study, while no differences were detected in maternal BW or 
backfat during the first gestation there was a tendency for PF1 sows to lose more BW 
compared to CON sows despite lack of difference in lactation ADFI.  Both CON and PF1 
females were fed the same from d2 to d89 of gestation. Because PF2 sows lost a similar 
amount of BW during both lactations as PF1, the explanation may be linked to late 
gestation feeding regimen.  In the present study, sows were only weighed at gestation 
d110 and weaning.  Piglet BW at birth was heavier for PF1 pigs than CON with no 
statistical differences in other litter characteristics.  Therefore, if females had been 
weighed at 24 hours post-farrowing there may have been an indication as to whether the 
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tendency noted in maternal BW loss was due to piglet birth weights or another factor.  
Sows losing more body weight during the first 2 weeks of lactation were correlated to 
increased piglet weight gain during week 3 of lactation during the study conducted by 
Valros et al. (2003).  According to Rojkittikhun et al. (1993) litter weights increased over 
the course of lactation when sows lost more BW.  This could in part explain the improved 
growth performance of PF2 offspring compared to that of CON offspring during the 
suckling period.  While offspring of both treatments weighed the same at birth, PF2 
piglets were numerically heavier at weaning and PF2 sows lost more BW than CON 
during both lactation cycles. When calculating a BW at cycle 1 weaning for the 43 sows 
completing a second parity, PF1 females tended to weigh less than PF2 sows.  This may 
in part be due to the fewer number of PF1 sows on trial at this point compared to PF2.  
The decreased number of older parity sows (6 and 7) could contribute to this tendency as 
these animals are typically associated with heavier BW (Kim et al., 2016).    
According to Smith et al. (2007) and Smit (2013), piglets born at heavier weights 
tend to remain heavier and outperform smaller pigs.  Results from the present study 
indicate PF1 pigs weighed more at weaning that CON which could suggest a correlation 
between heavier birth weights and increased wean weights.  This in part could also 
provide an explanation for PF1 offspring weighing more at market than CON pigs.  Sow 
gestation feeding regimen may have positively impacted birth weights of PF1 piglets.  
Schoknecht et al. (1993) demonstrated that protein restriction during late gestation 
resulted in lighter birth weight pigs.  During the current study PF1 and CON sows 
received the same dietary SID Lys:energy ratio from gestation d2 to d89, but PF1 
received a greater ratio from d90 to d110.  The decreased birth weights of CON offspring 
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in comparison to PF1 may be due to a protein restriction during late gestation as 
suggested by Schoknecht et al. (1993).  The lack of differences in PUN at d110 of 
gestation may also provide evidence for a deficit in AA in CON fed sows.  Urea is an end 
product of AA catabolism (Dunshea, 2002; Valros 2003), therefore if values for this 
parameter were not different this suggests the additional AA provided during late 
gestation to PF1 sows were utilized and not excreted as waste.  Both increased birth 
weights and no differences in PUN values suggest a need for increased SID Lys:enegy 
ratio during late gestation.  
PF2 offspring on the other hand had improved growth rates during lactation as 
compared to CON despite a lack of difference in birth weight.  A potential reason for this 
is the greater level of fat found in colostrum from PF2 sows.  According to Dividich et al. 
(1991), fetal fat deposition increased along with increasing levels of colostral fat.  This 
could account for the increased weight gain.  Another factor to account for is the greater 
muscle glycogen content of PF2 offspring at birth.  Piglets are born with limited fat and 
energy stores, therefore they depend heavily on glycogen immediately after birth for 
locomotion and thermoregulation (Ji et al., 2007; Vanden Hole et al., 2019).  Theil et al. 
(2011) demonstrated that glycogen pools in semimembranosus muscle depletes within 16 
hr after birth.  The additional glycogen found in muscle of PF2 offspring may have 
allowed for better conservation of body temperature and ability to access colostrum 
resulting in improved growth performance during lactation.  Increased colostral fat and 
fetal glycogen stores were the only biological differences detected between CON and PF2 
treatments.  Heavier market weights and decreased days on feed associated with PF2 
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offspring may be attributed to these traits, however more research should be conducted to 
analyze these results. 
 Current industry practice is to feed a single gestation diet throughout the entirety 
of gestation.  To implement a phase feeding program barns would potentially need to 
adjust current feed distribution systems.  As the industry shifts to group housing and ESF 
for gestation, the potential for implementing phase feeding becomes increasingly 
practical.  In standard stall housing systems, diets are typically distributed through a 
single feed line per row.  Therefore, to implement phase feeding to stalled sows, diets 
would need to be pre-mixed before entering holding bins.  This would also require sows 
to be housed next to animals of the same parity and similar BCS to ensure accurate diets 
are being consumed.  Utilization of an ESF allows for sows of differing parities and BCS 
to be housed in the same pens and still receive individualized diets.  With the ability to 
supply feed through 2 feed lines, master diets can be placed in bins and mixed by 
utilizing available computer software similar to the present study.       
 With sows consuming nearly 20% of all swine feed (Ball, 2008) and feed costs 
accounting for over 60% of expenses related to swine production (Lammers et al., 2007), 
it is apparent why feed prices are important to producers.  The goal is to produce a high-
quality product with the lowest input cost possible.  With current industry feeding 
practices during gestation, producers may be losing upwards of $4.50 per pig marketed in 
feed costs to the sow (Grier, 2006).  For a farrow to finish producer with a 1,200 head 
finishing barn that could mean over $5,400 in lost profits within a single turn of a barn.  
As commodity prices continually fluctuate, the price of feeding pigs changes along with 
it.  Results from the present study suggest that expenses could be spared in feeding the 
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sows by reducing costs associated with providing excess nutrients in early and mid 
gestation.  In addition, with the potential to increase market weights by 2 to 4 kg with 
approximately 2 fewer days on feed, there is massive potential to reduce input costs 
associated with finishing market hogs.  Fewer days on feed could mean fewer input costs 
such as gas, electricity, and feed as well as the potential for a more thorough clean 
between turns and more time to do so.  The possibility of increased weights could also 
increase profits at marketing.      
 Following the current study, it is clear more research needs to be conducted to 
further understand the results.  It is still unclear as to the exact reasons why phase-fed 
offspring seem to only differ in performance during the post-wean period at the very end 
of the finisher stages.  Further research could more heavily focus on the post-wean 
period.  There may be biological mechanisms that differ but went undetected in the 
present study as piglets were only euthanized at birth.  Carcass characteristics and meat 
quality may also have been influenced by gestation feeding regimen and could be further 
analyzed in future studies.  According to Rehfeldt et al. (2008), gestation protein levels 
may influence carcass traits of offspring.  During the study conducted by Rehfeldt et al. 
(2008), no differences in live weight or carcass weight at d188 were detected between 
offspring of sows fed either low or high levels of protein during gestation.  Offspring of 
sows fed the low protein diet did however exhibit a higher proportion of subcutaneous fat 
and lower proportion of lean percentage than offspring from high protein fed sows.  
Therefore, it may be valuable to further examine carcass characteristics of offspring from 
phase-fed sows in comparison to a control group. 
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When all factors are taken into account, phase feeding to alter the Lys:energy 
ratio throughout gestation to match maternal nutrient requirements seems beneficial.  
There is a potential to mitigate costs associated with excess nutrients in early and mid-
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